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The chemical c h a r a c t e r i z a t i o n  of t h e  organic  c o n s t i t u e n t s  i n  s o l v e n t  r e f i n e d  
c o a l  (SRC) is c u r r e n t l y  a s u b j e c t  of  major  concern (1) i n  terms of  understanding 
p r e s e n t  SRC processes  and  c o a l  process ing  i n  genera l .  The heterogeneous s e m i -  
s o l i d  SRC product o b t a i n e d  from present  p i l o t  p l a n t s  r e p r e s e n t s  a formidable  
a n a l y t i c a l  problem f o r  i d e n t i f i c a t i o n  and q u a n t i f i c a t i o n  of t h e  organic  materials 
p r e s e n t  i n  SRC s o l i d s .  I d e a l l y ,  chromatographic s e p a r a t i o n  of every i n d i v i d u a l  
organic  compound p r e s e n t  i n  SRC s o l i d s  would a l low r e l a t i v e l y  easy  i d e n t i f i c a t i o n  
v i a  modern a n a l y t i c a l  t o o l s ,  such  as, 1H and 1% Four ie r  t ransform nuclear  mag- 
n e t i c  resonance (lH and 1 3 C  FT nmr) and mass spectrometry.  
t h i s  approach, however, i s  ques t ionable  even assuming i d e a l  chromatographic reso-  
l u t i o n  could be achieved i n  l i g h t  of  t h e  enormous t i m e ,  q u a n t i t y  of m a t e r i a l  and 
probably weight l o s s e s  accompanying each chromatographic s e p a r a t i o n .  These l i m i t a -  
t i o n s  a r e  e s p e c i a l l y  a c u t e  f o r  s t u d i e s  which monitor changes i n  o r g a n i c  composi- 
t i o n  as a func t ion  of a p a r t i c u l a r  coa l  process  v a r i a b l e  (e.g., temperature ,  sol- 
vent ,  feed  coa l ,  e t c . ) .  An a l t e r n a t e  chromatographic  approach i n v o l v e s  p a r t i a l  
s e p a r a t i o n  of t h e  complex c o a l  product  mixture  i n t o  numerous f r a c t i o n s  based on 
e i t h e r  f u n c t i o n a l i t y ,  p o l a r i t y  0; e f f e c t i v e  molecular  s i z e .  
chromatographic f r a c t i o n s  from t h i s  p a r t i a l  s e p a r a t i o n  s t i l l  has  a n  obvious disad-  
vantage  i n  terms of a n a l y t i c a l l y  d e s c r i b i n g  "average" molecular  parameters .  
Although chemical c h a r a c t e r i z a t i o n  i n  terms of  "average" molecular  parameters  i s  
c e r t a i n l y  a less than  i d e a l  approach, i t  does provide a reasonable  method of  
monitor ing process ing  v a r i a b l e s  provided t h a t  chromatographic f r a c t i o n s  of  a given 
size o r  type (nonpolar, p o l a r ,  e t c . )  can b e  e a s i l y  se a r a t e d  wi th  near ly  quant i -  
t a t i v e  recovery. The e s t a b l i s h e d  u t i l i t y  of 1 H  and 13, FT nmr a l lows  a convenient  
method of deducing important  average  molecular  parameters ,  such as, H/C a l i p h a t i c  
and aromatic  r a t i o s  as w e l l  as a s s e s s i n g  t h e  r e l a t i v e  importance of a number of 
o t h e r  organic  f u n c t i o n a l  groups,  (e.g., carbonyl ,  hydroxyl, phenol, e t c . ) .  

a f u n c t i o n  of t h e  SRC process ing  feed  c o a l ,  we  have employed g e l  permeation chrom- 
atography (2 ,3)  f o r  s e p a r a t i o n  of  t h e  SRC s o l i d s  i n t o  f r a c t i o n s  based on e f f e c t i v e  
molecular  s i z e  r a t h e r  t h a n  o r g a n i c  f u n c t i o n a l i t y  o r  p o l a r i t y .  
t h e  advantage of p r o v i d i n g  "s ized" p r e p a r a t i v e  f r a c t i o n s  (0.5-2.0 grams) with 
near ly  q u a n t i t a t i v e  recovery  of  t h e  i n j e c t e d  m a t e r i a l  from t h e  chromatographic 
column. 

R e l a t i v e l y  l a r g e  q u a n t i t i e s  of material were necessary f o r  measuring metal  
conten t  v i a  f lameless  a tomic  a b s o r p t i o n  and f o r  determining t h e  n a t u r e  and concen- 
t r a t i o n  of t h e  organic  c o n s t i t u e n t s  v i a  1H and l3C FT nmr techniques ( 4 )  i n  conjunc- 
t i o n  wi th  elemental  combustion and average  molecular  weight (vapor phase osmometry) 
d a t a .  
P i l o t  p l a n t  o p e r a t i n g  a t  Wi lsonvi l le ,  Alabama. 
from e a s t e r n  feed c o a l s  ( P i t t s b u r g h  1 8 ,  and Western Kentucky 19 & 1/14), I l l i n o i s  
feed  c o a l s  ( I l l i n o i s  C6 and Monterey), and a wes tern  c o a l  (Amax). P r e p a r a t i v e  
s e p a r a t i o n  of t h e  t e t r a h y d r o f u r a n  (THF) s o l u b l e  p o r t i o n  of each SRC sample pro- 
vided f o u r  f r a c t i o n s  u s i n g  Bio-Beads s-X4 as t h e  column packing. The e l u t i o n  
volumes were h e l d  c o n s t a n t  f o r  each chromatographic f r a c t i o n  c o l l e c t e d  r e g a r d l e s s  
of t h e  SRC sample employed. The weight p e r c e n t  d i s t r i b u t i o n  f o r  f r a c t i o n s  10 
through 40 which correspond t o  decreas ing  e f f e c t i v e  molecular  s i z e  a long  wi th  
t h e  THF inso luble  f r a c t i o n  (-10) are presented  i n  Table  1. 
d a t a  i n  Table 1, a l l  t h e  SRC samples a r e  g r e a t e r  than  88% s o l u b l e  i n  THF. Although 
cons iderable  weight  changes occur  a s  a f u n c t i o n  of  t h e  SRC feed  c o a l  sample between 

The f e a s i b i l i t y  of 

C h a r a c t e r i z a t i o n  of  

I n  t h e  p r e s e n t  comparison s tudy  of t h e  organic  c o n s t i t u e n t s  i n  SRC s o l i d s  as 

This  approach has  

The five SRC samples  der ived  from d i f f e r e n t  feed  c o a l s  were obta ined  from a 
The SRC samples w e r e  ob ta ined  

A s  i n d i c a t e d  by t h e  
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f r a c t i o n s  1 0  and 30,  
g iven  f r a c t i o n .  
samples. 

I n  c h a r a c t e r i z i n g  t h e  organic  c o n s t i t u e n t s  f o r  t h e  major s o l u b l e  f r a c t i o n s ,  
a cursory  d i f f e r e n c e  between t h e  e a s t e r n  c o a l s  (e.g., P i t t s b u r g h  118 and W. Kentucky 
d9 6 t14)  wi th  t h e  wes tern  c o a l  (Amax) is evident .  The t o t a l  hydrogen t o  carbon 
r a t i o  (H/C)  d a t a  obta ined  from e lementa l  combustion are t a b u l a t e d  i n  Table  1 w i t h  
t h e  Amax SRC f r a c t i o n s  c o n s i s t e n t l y  e x h i b i t i n g  t h e  lowest  (H/C) r a t i o s  f o r  each 
f r a c t i o n .  
e a s t e r n  and I l l i n o i s  66  feed  c o a l s  is i n d i c a t e d  by t h e  r e l a t i v e l y  narrow range of  
average  molecular formulas  presented  i n  Table  2. The Amax and Monterey SRC f r a c -  
t i o n s  a r e  except ions  i n  t h i s  regard  (Table  3) and have c o n s i s t e n t l y  l a r g e r  molec- 
u l a r  formulas  f o r  a g iven  f r a c t i o n  a s  prev ious ly  suggested by t h e  molecular  weight 
d a t a  i n  Table 1. 

t h e  molecular  weight  d a t a  are r e l a t i v e l y  c o n s i s t e n t  f o r  a 
Some v a r i a t i o n s  do, however, occur  f o r  t h e  Amax and Monterey SRC 

The r e l a t i v e l y  c o n s t a n t  n a t u r e  of t h e  SRC samples der ived  from t h e  

Table  2 

Range of Average Molecular  Formulas f o r  Western Kentucky #9  & 1 4  
P i t t s b u r g h  118 and I l l i n o i s  #6 SRC F r a c t i o n s  * 

FRACTION FORMULA 

1 0  C41-55H35-4503. 7-4. 7S0.2-0.4N0.7-1.0 

20 C27-33H24-3002.5-3.4 S 0.2-0.4N0.5-0.6 

30 C22-27H20-2401. 4-2.ZsO.1-0. ZN0. 4 

*Values based on average  molecular  weights  and elemental  
combustion d a t a  

Table  3 

Average Molecular  Formulas For Amax and Monterey SRC F r a c t i o n s  

AMAX - FUNCTION MONTEREY 

10  C43.4H37.004. 5 '67. 5H52. 7'4.3 

'0. 3N0. 8 '0. qN1. 0 

20 '38. OH30. 3'2.6 C40.0H34.004. 1 

'O.SN0. 7 '0. 3N0. 6 

30 '34. ZH30. 9'1.5 '37. aH34. 0'3.0 

'0. 2N0. 5 '0. l N 0 .  5 

*Values based on average  molecular  weight and e lementa l  
combustion d a t a  
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The l H  and 1 3 C  nmr s p e c t r a  s u p e r f i c i a l l y  a e a r  very  similar f o r  a g i v e n  SRC 
f r a c t i o n  r e g a r d l e s s  of t h e  feed  c o a l .  Typica l  p5C and l H  FT nmr s p e c t r a  f o r  Amax 
F r a c t i o n  30 a r e  presented i n  F igures  1 and 2, r e s p e c t i v e l y .  Q u a n t i t a t i v e  nmr 
measurements, however, i n d i c a t e  major changes do occur  i n  t h e  a l i p h a t i c  and aromat- 
ic (H/C) r a t i o s  as summarized f o r  f r a c t i o n  30 samples i n  Table  4. The unusual ly  
low a l i p h a t i c  (H/C) r a t i o  f o r  t h e  Amax sample is very sugges t ive  of h i g h l y  con- 
densed c y c l i c  a l i p h a t i c  networks (e.g., s u b s t i t u t e d  adamantanes) prev ious ly  sug- 
ges ted  by a Mobile group ( 5 ) .  

t h r u s t  of t h i s  p r e s e n t a t i o n  with p a r t i c u l a r  a t t e n t i o n  focusing on t h e  Amax sample. 

Table  4 

(H/C) Aromatic and A l i p h a t i c  Rat ios  

Further  t r e n d s  and comparisons of t h e  organic  c o n s t i t u e n t s  w i l l  be  t h e  major 

For SRC F r a c t i o n  30 Samples* 

SRC ( H / C ) ~ ~ ~ .  (H/C)mO FA(Aromat i c i t y )  

P i t t s b u r g h  18 1.66  0.49 0.64 

West. Kentucky f 9  & t14  2.09 0.44 0.71 

I l l i n o i s  1/6 1 .35  0.57 0.64 

Monterey 2.12 0.46 0.73 

Amax 1.15 0.50 0.63 

* Values obtained from q u a n t i t a t i v e  1 H and 13C FT nmr measurements. 

Acknowledgment: The f i n a n c i a l  suppor t  of t h e  VPI & SU Research D i v i s i o n  and 
t h e  Commonwealth of V i r g i n i a  are g r a t e f u l l y  apprec ia ted .  
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COMPARISON O F  SOLVENT REFINED LIGNITES WlTH SOLVENT REFINED BITU- 
MINOUS COALS. 

R. J. Baltisberger, K. J. Klabunde, V .  I. Stenberg, N. F. Woolsey, K. Saito and 
W. Sukalski. 

Department of Chemistry,  University of North Dakota, Grand Forks ,  N. D. 58202 

Introduction 
A considerable 

Comparison of SRL and SRC 

amount of work is currently being conducted on solvent refining 
of bituminous coals. 
e r  fuel o r  a s  a feedstock for  fur ther  refining. A parallel  program on lignite coal is  
being carried out in our Chemical Engineering Department (Project Lignite ), Con- 
sidering the properties of the start ing coals, it was initially assumed that SRC and 
solvent refined lignite (SRL) would be greatly different and, thus, second stage r e -  
fining reactions and conditions would have t o  be developed and "fine tuned" for  the 
different feedstocks. A s  these  programs developed, however, it soon became appar- 
ant that SRL and SRC were  more  s imi la r  t o  each other than the start ing coals were. 
In view of these s imi la r i t i es  and because of a lack of definitive evidence to the con- 
t r a r y ,  it has been generally accepted that the second stage reactions and conditions 
can be simultaneously, r a t h e r  than separately developed. 

In view of the importance of this tentative conclusion to  ou r  work, we have set  
about examining the s imi la r i t i es  and differences between a wide variety of SRL and 
SRC samples. Our  preliminary resul ts  (1)  were consistent with the conclusion that 
SRC and SRL were near ly  the same  within the l imits of the experiments and samples 
w e  were using. 
SRC produced under more  commercial  conditions and repor t  their  comparison here.  

Procedure: Samples refined from lignite, sub  bituminous and bituminous coals 
were obtained. ( 2 , 3 )  In addition, as controls,  more  deeply hydrogenated samples 
from a COSteam process  and f rom second stage hydrogenation of SRL were included 
in the  comparison. ( 3 )  The method of analysis w a s  s imi l a r  to that used previously 
(1) using the whole coal samples .  Ultimate analyses, including neutron activation 
oxygen analysis, nonaqueous t i trations,  uv, mw, nmr  and e s r  spectroscopy were used 
to examine these samples .  A difficulty rapidly developed. Several of the samples 
contained unreacted coal and ash.  Initially we thought a comparison could be made by 
correcting for these insoluble materials on the basis of pyridine solubility of the sam- 
ple. Neutron activation (naa) oxygen analysis showed, however, that oxygen by differ- 
ence and by naa f o r  maf samples  were fair ly  close, but samples containing ash  de- 
viated considerably (Table l).  Thus, the variability of oxygen in  the a sh  and unreacted 
c o d  led to  largc e r r o r s  i n  the amount of oxygen in the maf material .  
oxygen content could be c r i t i ca l  to  a lignite-bituminous coal comparison, we set  out 
to develop an exact,  reproducible laboratory deashing procedure. 
cedure w a s  based on pyridine Soxhlet extraction, filtration of the eluate and removal 
of pyridine under s tandard  conditions. 
ple was checked by pmr .  Several samples were crosschecked by mass  spectroscopy. 
A s  little as 0. 2% pyridine could have been detected. 
the percentage of each sample  found soluble in pyridine with and without 5 p filtration. 
The resu l t s  show the 5 p sizing procedure seems  desirable,  especially in view of 
the variable amounts of mater ia l s  obtained f rom different samples by this technique. 
For laboratory studies w e  would like t o  propose this separatory technique a s  a stand- 
a rd  procedure to  define a n  SRC or SRL (cf Experimental Section). 

The result ing solvent refined coal (SRC) can  be used a s  a boil- 

We have now obtained more  representative samples of both SRL and 

Because the 

The deashing pro- 

The amount of pyridine remaining in each sam- 

None was found. Table I shows 

Discussion of Analytical - Spectroscopic Results. 

A. w: Proton  n m r  analysis of samples before and after deashing indicates 
no g ross  changes in the samples .  Nevertheless, smal l  systematic changes did oc- 
cur. 
the same  Har/(H@ +Ho) 

Samples, both SRL and SRC, initially containing a sh  and unreacted coal had 
rat io  within experimental e r r o r  before and af ter  deashing. 

a4 



(Table 11). Maf samples  showed changes of 0.07-0.26 in this ra t io ,  which is out- 
side the precision of the measurements.  Another subtle, but consistent t rend  for 
nearly all  samples was a decrease in the Ha/Ho ratio on deashing. This was t rue  
fo r  initially maf, as well a s  samples with ash and unreacted coal. Fur thermore ,  
this  change in ratio was 0.-0.48 for SRL's and larger, 0.36-1.27, for  SRC!s. Ex- 
cluding the Amax sample, the range w a s  1 .  17- 1.27. 
0. 83-1. 17 f o r  two samples when the pyridine insoluble fraction w a s  simply fi l tered 
off (nmr s were run with all  insoluble mater ia l  prqsent in non maf mater ia l ) .  

Only experience .wi l l  show if the change in H@/Ho ratio,  caused by laboratory 
deashing, can be used to  identify the coal used for SRC or SRL preparation. 
e r  these smal l  changes a r e  caused by material  in the ash  or by chemical reaction 
during the deashing process also remains  t o  be investigated. Our experience with 

FT carbon-13 determined Car /C  total (ie fa) ratios a r e  consistent with a recent 
repor t  (4) that the ratios determined from proton and carbon- 13 nmr  are very s im-  
i lar .  

and after deashing were a l so  measured. 
before deashing is much less than for  the three concentration extrapolated values 
determined on the laboratory deashed material .  Even so,  the two values for each 
sample were either the same within experimental e r r o r  or very close t o  each other 
(with the exception of Tacoma (maf), which increased significantly). The ranges,  in 
general ,  both before and after deashing a r e  not grossly different, although the SRC's 
(before 420-597; after 460-620) a r e  marginally higher in  mw than the SRL's (before 
400-598; af ter  428-481). 

C. Ultraviolet S ectra:  The ultraviolet spec t ra  for  these samples was run  be- 
tween 270 - 400nm an: is plotted v s  E l %  in Fig. l .  These and other such samples  
have remarkably featureless spectra.  All samples thus far examined, fa l l  generally 
within the range shown. These factors make it unlikely that SRL's and SRC's may be 
distinguished by such data. 
indicates that l a rger  reductive changes, however, can be characterized by uv spec t r a  
(Fig. 1). There a l so  seems to  be a relationship between the integrated uv absorption 
and both Har and Halip f rom n m r  data (Fig. 2) .  

The Ha/Ho decreased by 

wheth- 

(s. for  MllA Carbon-13 = 0.815+0.009 and from proton fa=O.813). 
B. Molecular Weight: The molecuTar weights (by VPO) of the samples before 

The precision on the single determinations 

Comparison to the COSteam and J-1- 11-87 samples,  

D. Acid base properties:  non aqueous t i tration for acidity gave a range of 
1.34-2.80 meq/g  for  SRCs and 1.45-2.95 for  SRC'S. The basic t i ter  ranged fo r  SRL's 
0.30-0.63, and 0.52-0.84 meq/g  for  SRC's. Where comparisons can currently b e  
made, the oxygen content is marginally lower for SRL'S (despite the fact that initially 
it w a s  much higher in  lignite) than for  SRC's. Nitrogen content for SRL's is generally 
lower than for  SRC.'S. Thus, the acidity and basicity of both SRL'S and SRC's s eem to 
parallel  roughly the percentage oxygen and nitrogen respectively in the sample.  

samples with carbon ranging 85-9070 (maf) and hydrogen, 5-670 for  SRL and SRC sam- 
ples. The sulfur content ranges somewhat higher for SRC's. 1.30-3.68% (but only 
a t r ace  for Amax) than f o r  SRLfs> 0.85- 1.24; probably a reflection of the sulfur con- 
tent of starting coal. 

E. Electron spin resonance: The e s r  spec t ra  of the samples w a s  measured ,  
with the resul ts  given in Table 11. The range of g-values was very sma l l  for a l l  sam- 
ples investigated, 2.0026-2.0028. The g values a r e  in good agreement 
with those reported for coals having carbon contents over 80%. The linewidths for 
SRC,S ranged 3.8-4.8 gauss; for SRCk 1.7 to  7.6.  
lower than that expected fo r  a vitrain of comparable hydrogen content. (5)  

Summary of Ana1,ytical Comparisons: While the comparisons a r e  not yet com- 
plete, the gross  makeup of the samples indicate that SRL's and SRC's a r e  quite simi- 
lar. The variations noted in the uv, molecular weight, e s r ,  and nmr  analyses may 
be more a function of reaction conditions than of start ing coal. The precentage com- 
position and acid-base characterist ics seem to indicate that the  start ing coal proper- 
t ies ,  particularly nitrogen, sulfur and oxygen percentages, may be ca r r i ed  over into 
the solvent refined products, although they are affected also, to a la rge  extent, by 
reaction conditions. 

The percentages of C, H a r e  typical (Amax % C is low and is being checked) of other 

The linewidth appears marginally 

Furthermore,  in cases  which we have investigated thus far, hydrotreating of 
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SRL and SRC have shown s imi la r  trends,  in that their  reactivit ies and product dis- 
tribution$ depend more  on how they a r e  made, stored and treated than on the s tar t -  
ing coal. 

analyses for whole solvent refined samples.  
cedure which we have developed, appears necessary.  
ples by difference may be generally acceptable, but should be checked with neutron 
activation analysis and is absolutely essential  with samples containing unreacted coal 
and ash. A standardized procedur6 which w e  are developing needs to be uniformly 
applied t o  pulsed carbon- 13 nmr  analyses. 

Future Work in Analysis of Gross  Solvent Refined Coal Samples: Application of 
Carbon- 13 nmr techniques have been applied to  coal derived samples,  but generally 
only t o  that portion of t he  sample soluble in a "desirable" nmr  solvent (CS2, CDC13, 
etc. 1. 
( l ike  SRL and SRC) a r e  not soluble in these solvents. 
ize  whole samples, e i ther  new solvents or new techniques have to  be developed. We 
are working on both. 

A second area of cr i t ical  concern to u s  is the qualitative way comparisons cur- 
rently must be made. A cr i t ical  set of standardized measurements needs t o  be de- 
veloped (which we have alluded t o  above). These measurements should then be re- 
duced t o  a set of cr i t ical  s t ruc tura l  factors ,  probably through a computerized tech- 
nique which will allow d i rec t  quantitative comparison of samples.  
a r e  being made on this approach, (6) better methods need t o  be developed. 

Assessment of Anal,*ical Procedures:  Several difficulties have emerged i n  these 
A standardized laboratory deashing pro- 

Oxygen analysis on maf sam- 

Whole solvent refined samples containing large amounts of preasphaltenes 
In o rde r  t o  properly character-  

While inroads 

Experimental Section 
Analyses were performed by Midwest Micro and Spang Laboratories.  Nmr 

spec t ra  were measured  on an EM-390 and analyzed,as previously described. (1)  
Titrations were conducted,as previously indicated. ( 1 )  

Neutron activated analysis was car r ied  out by Intelcom Rad Tech, San Diego, 
CA. Uv spectra were measured  on a Cary 14 in dimethylacetamide. 
determined on a Bruker ER 420. 
a Corona Wescan 232 V P O  in dimethylformamide, the la t ter  at 74.8' at three dif- 
ferent concentrations with extrapolation to  infinite dilution. Very little association 
was noted in this solvent. 

Laboratory Deashing Procedure: A Whatman no. 1 Soxhlet thimble w a s  shrunk 
in acetone, dried at  llO°C, cooled in a dcssicator and weighed to  constant weight. 
A 3 t o  5 g sample of SRL o r  SRC was weighed into the thimble and extracted with py- 
ridine for 24 h r s  under nitrogen. 
in a dessicator and weighed. The pyridine solution was filtered through a preweighed 
5 LI Teflon filter. The sum of the  sample in the thimble and on the fi l ter  constituted 
the undissolved sample by definition. Most of the pyridine in  the fi l trate was re- 
moved at 50° ( l m m ) ,  then at 50' (0.05mm) f o r  24 hrs .  The sample was scraped in- 
t o  a drying boat and fur ther  dried at 56O (0. Imm) for 24 h r s .  After grinding in a 
mor t a r ,  the sample was redr ied  a t  100° (0. Imm)  fo r  24 h r s  more. Less  than 1% 
of pyridine could be observed by nmr  in  hexamethylphosphoramide. 
met ry  indicated less  than 0.270 pyridine in severa l  samples. 

E s r  were 
Molecular weights were measured by Spang, and with 

The thimble w a s  dried at l l O o  for 24 hrs .  cooled 

Mass spectro- 
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Sample 

Tacom_a 1 1  
Amax 
M5-C 
M13-A 
M2 1 -A 
Tacoma I 
Wilsonville 

M 1 1 -A". .,. 

Table I 
Comparison of Deashing Techniques 

Simple Filtration 
Extraction Extraction 

100 96. a 
99.7 95.4 
99. a 94.1 
80. 1 
86. 1 
75.8 

U 
Haru / Car 
CL 

84.2 
77.6 
68.0 

71. a 69.6 
76.4 59.3 

maf a s  received 
neutron activation analysis 

.L 

96 * 

Ra 

Esr AH(pp)(G) 
g value 

Molecular Formula 
C 
H 
N 
S 
0 

Acid eqlmole 
Base eq/mole 

Table I1 

M11-A 
89.31 
5.80 
1.11 
0.86 
2.35 

2 . 2 2  
0.30 

49729 

96.80 

2.58 

0.813 

'1.07 

0.304 
0.707 
1.39 
5.28 

4.8 
2.0026 

36.9 
28.8 

0.39 
0. 13 
0.73 
1.10 
0. 15 

70 0 
by difference 

5.80 
3. 81 

12.36 

2.91 
7.  04 

3. aa 

10.7 
8.49 

Amax - 
ao. 57 
5.50 
1.57 
0.02 
3.37 

2,9 5 
0.55 

94.10 
1.00 
2 . 2 2  

0.797 
0.399 
0.849 
1.45 
3.41 

585+7 

39.2 
32.1 
0.66 - 
1.22 
1.72 
0.32 

by NAA** 
2.35 
3.22 
3.37 
7.31 
5.37 
5.57 
6.53 
7.71 

Tacoma (maf) 

87.19 
5.45 
2 .25  
1.3 
3.22 

6242 19 
3.35 
0.  a4 

95.38 
0.826 

0. a97 

3.46 

0.397 
0.701 
1.29 
5. a 2  

2.002a 
7.6 

45.3 
34.0 

1.00 
0.25 
1.26 
2.09 
0.52 
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ELECTRON SPIN RESONANCE STUDIES OF COALS AND COAL-DERIVED ASPHALTENES 

H .  L. Retcofsky, G. P. Thompson, M. Hough, and R. A. F r i e d e l  

U. S.  Energy Research and Development Adminis t ra t ion 
P i t t s b u r g h  Energy Research Center  

4800 Forbes Avenue, P i t t s b u r g h ,  PA 15213 

INTRODUCTION 

The d iscovery  o f  e l e c t r o n  s p i n  resonance ( e s r )  absorp t ion  i n  n a t u r a l  carbons by 
Uebersfeld (1) and Ingram ( 2 )  prompted a number of i n v e s t i g a t o r s  to  apply t h e  tech- 
n ique  t o  coa l  and materials der ived from c o a l .  A t  least  t h r e e  e x c e l l e n t  review 
a r t i c l e s  descr ib ing  t h e  e a r l y  esr s t u d i e s  o f  c o a l s  have been published ( 3 - 5 ) .  A l -  
though t h e  e x a c t  n a t u r e  of t h e  s p e c i e s  r e s p o n s i b l e  f o r  t h e  esr absorp t ion  h a s  not  
been e s t a b l i s h e d  unambiguously, i t  i s  g e n e r a l l y  thought t h a t  t h e  unpaired e l e c t r o n s ,  
a t  least i n  non-anthrac i t ic  and p o s s i b l y  young a n t h r a c i t i c  c o a l s ,  a r e  a s s o c i a t e d  
wi th  organic  f r e e  r a d i c a l  s t r u c t u r e s .  One group of i n v e s t i g a t o r s ,  however, has  
proposed t h a t  charge- t ransfer  complexes r a t h e r  than s t a b l e  f r e e  r a d i c a l s  may be 
r e s p o n s i b l e  for the  a b s o r p t i o n  ( 6 ) .  

During t h e  p r e s e n t  i n v e s t i g a t i o n ,  esr s p e c t r a  were obta ined  f o r  v i t r a i n s  and f u s a i n s  
from a l a r g e  number of c o a l s .  For most ranks of c o a l ,  samples of bo th  l i t h o t y p e s  
w e r e  s tud ied .  The o b j e c t i v e s  of t h e  i n v e s t i g a t i o n  were: 1) t o  b e t t e r  c h a r a c t e r i z e  
t h e  imnediate  chemical environment of t h e  unpaired e l e c t r o n s ;  2 )  t o  deduce informa- 
t i o n  about  t h e  metamorphic changes t h a t  occur dur ing  v i t r i n i z a t i o n  and f u s i n i z a t i o n ;  
and 3) t o  provide needed background informat ion  f o r  f u t u r e  s t u d i e s  of t h e  r o l e  of 
f r e e  r a d i c a l s  i n  c o a l  l i q u e f a c t i o n .  To f u r t h e r  pursue t h e  l a t t e r  o b j e c t i v e ,  esr 
s p e c t r a  of asphal tenes ,  which a r e  considered by many c o a l  r e s e a r c h e r s  t o  be  i n t e r -  
media tes  i n  t h e  convers ion  of coa l  t o  l i q u i d  f u e l s ,  were a l s o  obta ined .  A secondary 
purpose f o r  examining t h e  asphal tenes  was t o  explore  the  r e c e n t  hypothes is  ( 7 )  t h a t  
charge- t ransfer  i n t e r a c t i o n s  may be important  b inding  f o r c e s  between t h e  a c i d / n e u t r a l  
and b a s e  components i n  t h e s e  m a t e r i a l s .  

EXPERIMENTAL 

Samples. 
a l though s e v e r a l  of t h e  v i t r a i n s  a r e  more a p p r o p r i a t e l y  descr ibed  as v i t r a i n - r i c h  
samples. S ix ty- three  v i t r a i n s ,  inc luding  samples from Antarc t ica ,  A u s t r i a ,  Canada, 
Germany, Japan, P a k i s t a n ,  Peru,  t h e  Ilnited S t a t e s ,  and Yugoslavia, and 30 f u s a i n s ,  
most of which were s e p a r a t e d  from U. S. c o a l s ,  w e r e  i n v e s t i g a t e d .  Pe t rographic  
c h a r a c t e r i z a t i o n  and o t h e r  p r o p e r t i e s  of many of these  samples were publ ished pre- 
v i o u s l y  (8).  

The asphal tene  samples were der ived  from products  from the  P i t t s b u r g h  Energy Research 
C e n t e r ' s  SYNTHOIL ( 9 )  c o a l  l i q u e f a c t i o n  Process  Development Unit us ing  a r e c e n t l y  
descr ibed  s o l v e n t  s e p a r a t i o n  method (10). 
the  asphal tenes  were prepared according t o  publ ished procedures  (11). 

S p e c t r a l  Measurements. The esr measurements were made over a uer iod of approxi-  
mately ten years .  
e a r l i e r  (12)  except  f o r  minor modi f ica t ions  t h a t  were made over  the  y e a r s  t o  f a c i l -  
i t a t e  t h e  measurements. 
t o r r )  t o  prevent  l i n e  broadening by oxygen i n  the  a i r .  The e l e c t r i c a l  p r o p e r t i e s  of 
many of the h igher  r a n k  samples n e c e s s i t a t e d  t h a t  t h e  samples be d ispersed  i n  a non- 
conducting medium t o  avoid  microwave s k i n  e f f e c t s .  

Most of t h e  v i t r a i n s  and f u s a i n s  s t u d i e d  w e r e  of h igh  pe t rographic  p u r i t y ,  

The a c i d / n e u t r a l  and base components of 

The experimental  techniques were e s s e n t i a l l y  those  publ ished 

A l l  esr measurements were made on evacuated samples 
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RESULTS AND DISCUSSION 

V i t r a i n s  and Fusains .  
i n v e s t i g a t i o n  a r e  f a r  too  numerous t o  t a b u l a t e  here ;  complete l i s t i n g s  of t h e  d a t a  
a r e  a v a i l a b l e  from t h e  a u t h o r s  upon r e q u e s t .  
t h e  more s i g n i f i c a n t  c o r r e l a t i o n s  of  t h e  d a t a  wi th  c o a l  composition o r  c o a l  rank .  

The concent ra t ions  of  unpaired e l e c t r o n s  i n  t h e  v i t r a i n s ,  as es t imated  by comparing 
t h e  esr i n t e n s i t y  of  each sample wi th  t h a t  of a s tandard  sample of  diphenylpicrylhy-  
drazyl ,  are shown as a f u n c t i o n  of t h e  carbon c o n t e n t s  of t h e  samples in Figure  1. 
The r e l a t i o n s h i p  of  F igure  1 i s  s i m i l a r  t o  those  from earlier s t u d i e s  (3-5, 1 2 ) ,  
a l though t h e  s c a t t e r  of t h e  d a t a  p o i n t s  is more pronounced i n  t h e  present  work. 
These d a t a  show t h a t ,  i n  genera l ,  t h e  c o n c e n t r a t i o n s  of unpaired e l e c t r o n s  i n c r e a s e  
with increas ing  c o a l  rank up t o  a carbon content  of approximately 94% af te r  which 
t h e  s p i n  concent ra t ions  decrease  r a p i d l y .  The i n i t i a l ,  c rude ly  exponent ia l  i n c r e a s e  
i n  s p i n  concent ra t ion  i s  genera l ly  a t t r i b u t e d  t o  t h e  formation of organic  f r e e  rad i -  
c a l s  during v i t r i n i z a t i o n .  The f r e e  r a d i c a l  e l e c t r o n s  are thought to  be  d e l o c a l i z e d  
over aromatic  r i n g s  and thus  s t a b i l i z e d  by resonance.  Resonance s t a b i l i z a t i o n  of 
t h e  r a d i c a l s  i s  g r e a t e r  f o r  t h e  v i t r a i n s  from higher  rank c o a l s  s i a c e  t h e s e  presuma- 
b l y  conta in  the  l a r g e r  po lynuclear  condensed aromat ic  r i n g  systems. The p r e c i p i t o u s  
decrease i n  s p i n  concent ra t ion  above 94% C r e s u l t s  from t h e  increased  c o n d u c t i v i t y  
of  t h e  samples. 

In c o n t r a s t  t o  t h e  r e s u l t s  f o r  v i t r a i n s ,  t h e  s p i n  concent ra t ions  of  t h e  f u s a i n s  
(Figure 2) e x h i b i t  no r e a d i l y  d i s c e r n a b l e  dependence on carbon content .  The wide 
v a r i a t i o n  i n  thermal h i s t o r y  experienced by f u s a i n s  dur ing  t h e i r  formation is t h e  
most l i k e l y  explana t ion  f o r  t h i s  behavior  (13) .  

The changes t h a t  occur  i n  esr l inewidths  and g v a l u e s  dur ing  v i t r i n i z a t i o n  and fu- 
s i n i z a t i o n  a r e  shown i n  F igures  3-6. The a b s c i s s a  used i n  t h e s e  f i g u r e s  is based on 
t h e  c o a l i f i c a t i o n  p l o t s  of Schopf (14) wi th  s l i g h t  modi f ica t ions  by Parks (15) and 
t h e  present  au thors .  The ranks shown on t h e  p l o t s  a r e  those  of t h e  parent  c o a l s  a s  
determined by s tandard  procedures  (16). 

For t h e  v i t r a i n s ,  an i n c r e a s e  i n  esr l inewidth  wi th  i n c r e a s i n g  rank  i s  f i r s t  ob- 
served (Figure 3 ) ;  t h i s  t rend  is reversed  a t  t h e  low rank bituminous s t a g e .  The 
r a t e  of decrease  becomes l a r g e r  a s  c o a l i f i c a t i o n  progresses  through t h e  h igher  rank 
bituminous s t a g e s  t o  the  e a r l y  a n t h r a c i t i c  s t a g e s .  Some of t h e  a n t h r a c i t e s  and most 
of t h e  meta-anthraci tes  e x h i b i t  very broad l i n e s  ( n o t  shown i n  t h e  f i g u r e ) ;  a l i n e -  
width i n  excess  of 60 gauss  was observed f o r  one such coa l .  The l inewidth  r e s u l t s  
can be  i n t e r p r e t e d  as fol lows:  Nuclear broadening, i . e . ,  unresolved proton-electron 
hyper f ine  i n t e r a c t i o n s ,  p lays  an important  r o l e  i n  t h e  observed l i n e w i d t h s  of p e a t s ,  
l i g n i t e s ,  and bituminous c o a l s .  The r e l a t i v e l y  narrow l i n e s  observed i n  t h e  s p e c t r a  
of  some of t h e  a n t h r a c i t e s  probably r e s u l t  from t h e  smal le r  number of protons i n  the 
samples, a l though exchange narrowing of t h e  esr resonances may a l s o  be occurr ing .  
The proton l i n e  broadening hypothes is  is supported by a r e c e n t  esr s tudy  of c o a l s  
before  and a f t e r  c a t a l y t i c  dehydrogenation (17) .  The very l a r g e  l i n e w i d t h s  of t h e  
h i g h e s t  rank materials are undoubtedly due t o  t h e  presence of g r a p h i t e - l i k e  s t r u c -  
t u r e s  which form dur ing  t h e  l a t t e r  s t a g e s  of c o a l i f i c a t i o n .  The d i f f i c u l t y  i n  d i f -  
f e r e n t i a t i n g  between a n t h r a c i t e s  and meta-an thrac i tes  (18) may be r e s p o n s i b l e  f o r  
t h e  apparent  l a c k  of p r e d i c t a b i l i t y  of l i n e w i d t h s  in v i t r a i n s  from c o a l s  of t h e s e  
ranks.  

The esr l inewidths  f o r  t h e  f u s a i n s  (F igure  4 )  a r e  very  small, f r e q u e n t l y  less than 
one gauss ,  except  f o r  samples from t h e  lowest  rank c o a l s .  Unlike t h e  r e s u l t s  f o r  
t h e  v i t r a i n s ,  no evidence w a s  found f o r  t h e  formation of g r a p h i t i c  s t r u c t u r e s  
dur ing  t h e  l a t t e r  s t a g e s  of f u s i n i z a t i o n .  In a d d i t i o n ,  t h e  gradual  decrease  i n  

ESR d a t a  obta ined  f o r  v i t r a i n s  and f u s a i n s  dur ing  t h e  present  

The p l o t s  of F igures  1-6 show some of 
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l inewidths  of v i t r a i n s  as c o a l i f i c a t i o n  proceeds from the low rank  bituminous s t a g e s  
t o  t h e  e a r l y  a n t h r a c i t i c  s t a g e s  (Figure 3) appears  as a very  rap id  change i n  t h e  
f u s i n i z a t i o n  p l o t  (F igure  4 ) .  This  is i n  accord wi th  Schopf ' s  (14 )  r e p r e s e n t a t i o n  
of  f u s i n i z a t i o n  as a process  which has  a n  e a r l y  i n c e p t i o n  and progresses  r a p i d l y  i n  
t h e  pea t  and l i g n i t i c  s t a g e s ,  a f t e r  which t h e  metamorphic changes become near ly  
impercept ible .  V i t r i n i z a t i o n ,  on  t h e  o t h e r  hand, involves  a p r o g r e s s i v e  change 
throughout s t a g e s  of  rank  development. 

The r e l a t i o n s h i p  between t h e  g v a l u e s  of  t h e  l i t h o t y p e s  and c o a l  rank (Figures  5 and 
6) a l s o  suppor ts  Schopf 's  t h e o r i e s  of v i t r i n i z a t i o n  and f u s i n i z a t i o n .  The l a r g e  g 
v a l u e s  found f o r  t h e  v i t r a i n s  from meta-anthraci tes  is i n  accord wi th  t h e  f i n a l  s t e p  
i n  v i t r i n i z a t i o n  being t h e  f u s i n g  of aromatic  r i n g s  i n t o  g r a p h i t e - l i k e  s t r u c t u r e s .  
The g va lue  of each of t h e  v i t r a i n s  and f u s a i n s  i s  h igher  than t h a t  of  the  f r e e  
e l e c t r o n  and l i e s  i n  t h e  s p e c t r a l  r e g i o n  expected f o r  s imple  organic  f r e e  r a d i c a l s .  
The only except ions  a r e  v i t r a i n s  from t h e  more h i g h l y  metamorphized c o a l s ,  one of 
which exhib i ted  a g v a l u e  of 2.011. 

The f a c t  t h a t  esr g v a l u e s  of  organic  f r e e  r a d i c a l s  are g r e a t e s t  f o r  r a d i c a l s  i n  
which the  unpaired e l e c t r o n  i s  l o c a l i z e d  or p a r t i a l l y  l o c a l i z e d  on atoms having h igh  
s p i n - o r b i t  coupl ing c o n s t a n t s  can be  used t o  e x p l a i n  t h e  g v a l u e  r e s u l t s  f o r  v i -  
t r a i n s .  Since t h e  heteroatom c o n t e n t s  of c o a l s  decrease  wi th  i n c r e a s i n g  rank, the 
h igh  g va lues  f o r  p e a t s  and l i g n i t e s  can  be  i n t e r p r e t e d  i n  t e r m s  of aromatic  rad i -  
c a l s  wi th  some p a r t i a l  l o c a l i z a t i o n  of the  unpaired e l e c t r o n s  on heteroatoms, par- 
t i c u l a r l y  but  n o t  e x c l u s i v e l y  oxygen. A s  c o a l i f i c a t i o n  progresses  t h e  g va lues  
decrease ,  sugges t ing  t h a t  t h e  r a d i c a l s  become more "hydrocarbon-like. ' '  The g v a l u e s  
o f  many of  t h e  v i t r a i n s  from bituminous and young a n t h r a c i t i c  c o a l s  compare favor- 
a b l y  wi th  those e x h i b i t e d  by aromatic  hydrocarbon r a d i c a l s .  During t h e  f i n a l  s t a g e s  
of  c o a l i f i c a t i o n ,  t h e  g v a l u e s  become q u i t e  l a r g e  as one would expect i f  continued 
condensat ion of t h e  a romat ic  r i n g s  i n t o  g r a p h i t e  s t r u c t u r e s  occurs .  The observa t ion  
of  a smal l ,  bu t  reproducib le ,  a n i s o t r o p y  i n  the  g v a l u e  of c e r t a i n  a n t h r a c i t e s  (Fig- 
u r e  7 )  sugges ts  t h a t  some order ing  of t h e  polynuclear  condensed aromatic  r i n g s  is  
occurr ing .  

Coal-Derived Asphal tenes .  To b e t t e r  understand t h e  chemistry of c o a l  l i q u e f a c t i o n ,  
a n  esr i n v e s t i g a t i o n  of coal-der ived asphal tenes  w a s  i n i t i a t e d .  Prel iminary r e s u l t s  
are presented here .  Of p a r t i c u l a r  concern was t h e  temperature  v a r i a t i o n  of t h e  e s r  
i n t e n s i t i e s  of a s p h a l t e n e s  and t h e i r  a c i d / n e u t r a l  and b a s e  components (Figure 8). 
The most s i g n i f i c a n t  f i n d i n g  to  d a t e  is t h a t  t h e  weighted average of t h e  temperature 
dependencies of  t h e  two components reproduces t h e  temperature  dependence of t h e  
t o t a l  asphal tene  ( b e f o r e  s e p a r a t i o n )  e x c e p t i o n a l l y  wel l .  This sugges ts  t h a t  charge 
t r a n s f e r  i n t e r a c t i o n s ,  a t  least i n  t h e  Mullikan sense,  a r e  r e l a t i v e l y  unimportant 
binding f o r c e s  between t h e  a c i d / n e u t r a l  and base  components of  t h e  asphal tenes .  
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ISOTOPIC STUDIES OF THERMALLY I N D U C E D  REACTIONS OF 

COAL A N D  COAL-LIKE STRUCTURES 

Clair  J .  Collins,  Ben M. Benjamin, Vernon F. Raaen, 
(1 1 Paul H .  Maupin, and W. H .  Roark 

Contribution from the  Chemistry Division, 
Oak Ridge National Laboratory, Oak Ridge, Tennessee, 37830 

We recently (2)  reported t h a t  under conditions of coal conversion ( t e t r a l i n ,  
400") several diarylalkanes undergo carbon-carbon cleavage, and tha t  the scission 
of carbon-carbon bonds must therefore be considered a s  a n  important process i n  
asphaltene formation. 
coa l )  was a "be t t e r  hydrogen t r ans fe r  agent" than t e t r a l i n  i t s e l f  f o r  the  hydro- 
genolysis of 1 ,1,2-triphenylethane t o  diphenylmethane and toluene. 
extended these s tud ies  t o  es tab l i sh  a )  t h a t  v i t r i n i t e  i s  indeed a be t t e r  hydrogen 
donor than t e t r a l i n  toward several organic s t ruc tures ;  b )  t h a t  t e t r a l i n ,  in addi- 
=to i t s  function a s  a hydrogen donor, can undergo cer ta in  other reactions with 
coal and w i t h  coa l - l ike  s t ruc tu res  which involve both carbon-carbon bond formation 
and bond cleavage. 

A Comparison of Tetralin and Vi t r in i t e  a s  H-Donors 

We also reported ( 2 )  t h a t  v i t r i n i t e  (from I l l i n o i s  No. 6 

ble have now 

When 1,Z-diphenyl-1-p-tolylethane i s  heated a t  400" ( e i the r  i n  g lass  capi l -  
l a r i e s  or i n  s t a in l e s s  s t ee l  tubes) with an excess of t e t r a l i n ,  the  major products 
a re  toluene and phenyl-p-tolylmethane. 
phenyl-1-ptolylethane i s  heated a t  400" i n  the  presence of an excess of v i t r i n i t e  
(handpicked from I l l i n o i s  No. 6 coa l ) .  

Table I 

A Comparison of Te t ra l in  and I l l i n o i s  

The same products a r e  obtained when 1,2-di- 

Given in Table I i s  a comparison of the 

No. 6 Vi t r in i t e  a s  Hydrogen Donors 

Percent 
Reactants Conditions Reaction 

1,2-Diphenyl-l-p 400", 5 mina 2% 
t o  1 yl  ethane t e t r a l i n  

94% 400", 33 min  
t e t r a l  in 

400°, 5 mina 50% 
b v i  t r i n i  te 

23% 
t e t r a l  in 

t e t r a l i n  & v i t r i n i t e  

v i t r i  ni te 

b 

b 1.3-diphenylpropane 400°, 30 m i n  

400", 30 minb 43% 

400°, 30 m i n b  6 5% 

a )  The oven was a t  400°, b u t  the warm-up time i s  15 minutes, thus the  

b )  30 min included warm-up time. 
actual temperature was considerably l e s s  t h a n  400". 
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e x t e n t  r e a c t i o n  - as determined by g.c. a n a l y s i s  o f  t h e  products  - a f t e r  va r ious  
con tac t  t imes w i t h  t e t r a l i n  o r  w i t h  v i t r i n i t e .  

Another d i a r y l a l k a n e  which i s  e a s i l y  decomposed i n  the  presence o f  excess 
t e t r a l i n  o r  excess v i t r i n i t e  i s  1,3-diphenylpropane. 
cases a r e  to luene and ethylbenzene, a l t hough  a m u l t i p l i c i t y  o f  minor products  a r e  
produced. 
1,3-diphenylpropane (400" f o r  30 minutes! a )  w i t h  excess t e t r a l i n ;  b) w i t h  excess 
t e t r a l i n  and v i t r i n i t e ;  and c )  w i t h  excess v i t r i n i t e .  
case was est imated f rom t h e  g.c. t race.  

t i l e  po lymer ic  m a t e r i a l ,  nor  h i g h  mo lecu la r  we igh t  products  o f  r e a c t i o n  w i t h  v i t r i -  
n i t e ,  i t  i s  p o s s i b l e  t h a t  t h e  v i t r i n i t e  is  a c t i n g  n o t  as a hydrogen donor, b u t  
merely as a c a t a l y s t ,  and t h a t  t h e  source o f  t h e  hydrogen f o r  t h e  hydrogenolyses 
comes f rom the  1,2-diphenyl-1-p-tolylethane o r  f rom t h e  1,3-diphenylpropane. To 
c i rcumvent  t h i s  problem, we heated benzophenone t o  400" f o r  one hour a )  i n  t h e  
presence o f  excess t e t r a l i n ,  and b )  i n  the  presence o f  excess v i t r i n i t e .  The ma jo r  
products  are diphenylmethane and water, w i t h  t races  o f  t o luene  and benzene. The 
r e a c t i o n  i n  t e t r a l i n  proceeded t o  the  e x t e n t  o f  o n l y  12%, whereas i n  t h e  presence o f  
v i t r i n i t e  35% r e a c t i o n  had occurred.  

Reactions o f  T e t r a l i n  o t h e r  than Hydrogen Donation 

The major  products  i n  bo th  

Also g iven i n  Table I a r e  com a r i sons  o f  t h e  e x t e n t  r e a c t i o n  o f  

The e x t e n t  r e a c t i o n  i n  each 

Since the  r e a c t i o n s  were moni tored by g.c., which would de tec t  n e i t h e r  nonvola- 

V. F. Raaen (3 )  showed r e c e n t l y  t h a t  t e t r a l i n - 1 - " C  r e a c t s  w i t h  Wyodak coal  a t  
400" (1  hour) t o  t h e  e x t e n t  t h a t  t h e  p y r i d i n e - i n s o l u b l e  res idue  con ta ins  chemica l l y  
bound carbon-14 equ iva len t  t o  5% t e t r a l i n  by weiqht. Fu r the r ,  when t h e  res idue  was 
reheated i n  normal t e t r a l i n  (400°, one hour)  t h e  r e i s o l a t e d  so l ven t  con ta ined  no 
measurable amount o f  e i t h e r  t e t r a l i n - I 4 C  o r  o f  naphthalene-"C. 
ever, t races o f  l abe led  a l k y l a t e d  naphthalenes, which were i d e n t i f i e d  by g.c. 
r e t e n t i o n  t imes as 1- and 2 - s u b s t i t u t e d  methy l -  and ethy lnaphthalenes.  These 
products  undoubtedly a r i s e  as a r e s u l t  o f  f r e e  r a d i c a l  i n te rmed ia tes .  Ne t h e r e f o r e  
i n v e s t i g a t e d  t h e  p o s s i b i l i t y  t h a t  methy l -  o r  e thy lnaphthalenes cou ld  be produced by 
the  r e a c t i o n  o f  t e t r a l i n  w i t h  s t r u c t u r e s  c o n t a i n i n g  aromat ic  mo ie t i es  separated by 
two o r  more methylene groups, o r  w i t h  a r y l  a l k y l  e the rs .  Both tyDes o f  s t r u c t u r e  
(4,5) a r e  known t o  be present  i n  d i f f e r e n t  k inds  and ranks o f  c o a l .  

t e t r a l i n  f o r  va ry ing  pe r iods  o f  t ime.  
q u a n t i t i e s  o f  methy l -  and ethy lnaphthalenes i n  a d d i t i o n  t o  o t h e r  products .  
a r e  t h e  reac t i ons  o f  1,3-diphenylpropane and o f  phenetole, both o f  which were 
i nves t i ga ted  w i t h  carbon-14-labeled species. The products  were analyzed a )  by 
gas chromatography combined w i t h  r a d i o a c t i v i t y  mon i to r i ng  o f  carbon-14-labeled 
products; b)  by gas chromatography equipped w i t h  mass spect rographic  analyzers (5); 
and c )  by i s o l a t i o n  o f  s p e c i f i c  products  us ing  p r e p a r a t i v e  g.c. (6)  f o l l o w e d  by nmr 
a n a l y s i s  (Var ian XL-100 Spectrometer). Given i n  Tables I1  and 111 a r e  t h e  major 
products  obta ined - toge the r  w i t h  app rop r ia te  y i e l d s  - from t h e  r e a c t i o n s  o f  
1,3-diphenylpropane and phenetole, r e s p e c t i v e l y ,  w i t h  t e t r a 1  i n .  

T h e i r  genesis from t h e  r e a c t i o n  o f  1,3-diphenylpropane-2-'"C ('"C=*) and t e t r a l i n  
was determined as f o l l o w s :  * 

There were, how- 

We heated severa l  d i a r y l a l  kanes and a r y l  a1 k y l  or a r a l k y l  e the rs  t o  400" i n  
Many o f  these r e a c t i o n s  y i e l d e d  measurable 

Typ ica l  

The 1- and 2-methylnaphthalenes were i s o l a t e d  and i d e n t i f i e d  by nrnr a n a l y s i s .  

The m ix tu re  o f  e thy lnaphthalenes was i d e n t i f i e d  by g.c. r e t e n t i o n  t imes and r a d i o -  
a c t i v i t y  assay by means of t h e  g.c. r a d i o a c t i v i t y  moni tor .  Traces o f  methy l indane 
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Table I1 
Major Products and Yields Obtaineda on Heating 1,3-Diphenyl- 

propane with Tetralin One Hour at 400" 

To1 uene 
Ethyl benzene 
1 -  and 2-(E-Phenylethyl) tetral ins 
1,4-Diphenylbutane 
1- and 2-Methylnaphthalenes 
Styrene 
1,3-Diphenyl propene 
Methyldihydronaphthalenes 

1,2-Diphenylethane 
1 -  and 2-(2-Phenylethyl) naphthalenes 
Other 

a8ased on 1,3-diphenyl propane consumed. 

28% 
19 
a 
5 
3 
1.5 
1.5 

34 

Table 111 
Major Products and Yields Obtained on Heating Phenetole 

with Tetralin Eighteen Hours at 400" 

Phenol 
Methylnaphthalenes 
To1 uene 
Ethyl benzene 
Ethyl naphtha1 enes 
Methyl tetral ins 
Ethyl phenol 
Ethyl tetral ins 
Ethyl methyl benzene 
Methylindane 
Butyl benzene 

37% 
13 
7 
7 
7 

4 
3 
3 

From Decomposition 
of Tetra1 in 

and of butylbenzene were always present after reactants were heated with tetral in. 
That these latter two products were derived from tetralin was demonstrated by the 
fact that they contained carbon-14 when tetralin-"C was used in the reaction. In 
like manner, labeled phenetole and tetralin were subjected to the conditions of 
reaction with the following results: 
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It i s  clear from the isotopic labeling experiments that tetralin has entered into 
the reaction both with 1,3-diphenylpropane and with phenetole. 
nicely accommodated by the postulation of radical intermediates. A possible 
mechanism for the reaction o f  1,3-diphenylpropane is indicated: 

The results are 

PhCHztHzCHzPh ---+ 

* 2PhCHzCHz. + 

PhCHZCHz. + 
+ 
CHzCHzPh 

---+ 

PhCH3 + a 
PhCHztH3 + a 

* *  
PhCHzCHzCH2CHzPh 

tH 3 
* +a* mCH3 

U B  U B  
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THE CHEMISTRY OF COAL LIQUEFACTION 

Frank R .  Mayo 

S t a n f o r d  Resea rch  I n s t i t u t e ,  Menlo P a r k ,  C a l i f o r n i a  

T h i s  p r o g r e s s  r e p o r t  p r e s e n t s  a working h y p o t h e s i s  f o r  o u r  s t u d y  of c o a l  
l i q u e f a c t i o n  w i t h  I l l i n o i s  No. 6 c o a l  and i n d i c a t e s  t h e  k i n d s  o f  e v i d e n c e  on which 
o u r  h y p o t h e s i s  i s  based and which a r e  d e s i r a b l e  f o r  i t s  s u b s t a n t i a t i o n .  

Coa l  i s  c o n s i d e r e d  t o  be most ly  a c r o s s l i n k e d  h i g h  polymer w i t h  condensed 
a r o m a t i c  a g g r e g a t e s  t h a t  are d i f f i c u l t  t o  c l e a v e  and c o n n e c t i n g  l i n k s  t h a t  are 
r e l a t i v e l y  easy  t o  c l e a v e  ( s c i s s i l e  bonds ) .  A r a n g e  of s o l u b l e  materials i s  mixed 
w i t h  t h e  predominant ly  i n s o l u b l e  material. Assoc ia t ed  w i t h  t h e s e  p r imary  bond rela- 
t i o n s  are s i g n i f i c a n t  i n t e r a c t i o n s  between p h e n o l i c  g roups  and p y r i d i n e - t y p e  b a s e s  
( I ) .  Thus,  r e l a t i v e l y  small p o l y f u n c t i o n a l  mo lecu le s ,  even  i f  n o t  i n c o r p o r a t e d  i n  
t h e  network, need complexing s o l v e n t s  t o  d i s s o l v e  them. Our 1976 Coal Workshop 
pape r  r e l a t e d  t h e  molecu la r  we igh t ,  and presumably t h e  f u n c t i o n a l i t y ,  of t h e  f r a c t i o n s  
that  would d i s s o l v e  i n  c e r t a i n  s o l v e n t s  ( 2 ) ,  a s  r e v i s e d  and summarized i n  T a b l e  I .  
Recen t  expe r imen t s  i n d i c a t e . t h a t  e t h y l e n e  d i amine  w i l l  e x t r a c t  from c o a l  much more 
and h i g h e r  molecu la r  we igh t  m a t e r i a l s  a t  12OoC. A n  e f f o r t  t o  relate t h e  amount o f  
s o l u b l e  material e x t r a c t e d  by s o l v e n t s  t o  t h e  amount o f  s o l v e n t  used and t o  t h e  e x t e n t  
o f  s w e l l i n g  o f  t h e  und i s so lved  r e s i d u e  a t  100' i s  i n  p r o g r e s s .  

The e x t r a c t e d  c o a l  i n  t h e  upper  s e r i e s  o f  f r a c t i o n s  i n  T a b l e  I i s  a p r e f e r r e d  
material f o r  l i q u e f a c t i o n  s t u d i e s ,  uncomplicated by admixed s o l u b l e  materials. 
P r o g r e s s  i n  b reak ing  bonds can be fo l lowed  by f o r m a t i o n  o f  s o l u b l e  materials and 
p robab ly  a l s o  by i n c r e a s e d  s w e l l i n g  o f  t h e  i n s o l u b l e  m a t e r i a l  i n  a chosen s o l v e n t .  
The p y r i d i n e - s o l u b l e ,  t o l u e n e - i n s o l u b l e  f r a c t i o n s  of b o t h  c o a l  e x t r a c t  and  SRC are 
p r e f e r r e d  m a t e r i a l s  f o r  f o l l o w i n g  t h e  upgrad ing  o f  sync rudes .  They have f a i r l y  h igh  
m o l e c u l a r  we igh t s  and r a t h e r  narrow molecu la r  w e i g h t  d i s t r i b u t i o n s .  Both t h e  ex- 
t r a c t e d  c o a l  and t h e  p y r i d i n e - s o l u b l e  f r a c t i o n  have  e l emen ta ry  a n a l y s e s  ( d r y ,  mine ra l  
f r e e )  and n u c l e a r  magne t i c  r e sonance  (nmr) s p e c t r a  (3) t h a t  are ve ry  s i m i l a r ;  t h e y  
a p p a r e n t l y  d i f f e r  s i g n i f i c a n t l y  on ly  i n  m o l e c u l a r  size.  

T a b l e  I 

Comparison O f  F r a c t i o n s  from E x t r a c t i o n  and 
S o l v e n t - R e f i n i n g  of I l l i n o i s  No. 6 Coal  

F r a c t i o n s  

I n s o l u b l e  S o l u b l e  i n  P y r i d l n o  T o l u c n e  Hexane 
e x t m c t c d  I n s o l u b l e  i n  T o l u e n e  Hexane 
con1 

% C  79.5 83.0 84.0 
% H  s . 4  6 . 3  
C O  1 0 . 8  7.3 5 . 0  O 

I n c r e a s i n g  C + H ,  d e c r e a s i n g  0 
5 . 1 %  I1 
12.4% 0, A l l  % C  R G . l  87.4 89.9  

4.9 6 . 1  G . G }  ::eH 
5.7 4 .O 2.0 

s o l u b l e  

Common d e s i g n a t i o n s  Preasphal t o n e s ,  Asphal  t o n e s  011s 
a s p h n l t o l s ,  
polar Compounds 

Avernge m o l e c u l e r  w e i g h t  I 1 2 0 0  - 600 ~ 300 
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F i g u r e  1 summarizes  our  d a t a  on r e t e n t i o n  times i n  g e l  pe rmea t ion  chromatography 
(gpc )  a s  a f u n c t i o n  o f  a v e r a g e  molecu la r  w e i g h t s  by vapor  phase  osmometry (vpo)  o f  
f r a c t i o n s  d e r i v e d  from b o t h  c o a l  e x t r a c t  and t h e  s o l v e n t - r e f i n e d  p r o d u c t  from t h e  
same coal. 
ca rbon  t h a n  t h e  e x t r a c t  f r a c t i o n s ,  t h e  p o i n t s  are w e l l  f i t t e d  by a s i n g l e  cu rve .  
I n d i v i d u a l  gpc c u r v e s  show t h a t  f r a c t i o n a t i o n s  i n t o  p y r i d i n e ,  t o l u e n e ,  and hexane- 
s o l u b l e  f r a c t i o n s  g i v e  p r o d u c t s  w i t h  f a i r l y  narrow and symmetr ical  gpc  peaks.  Two 
p a i r s  o f  p o i n t s  i n  F i g u r e  1 cor re spond  t o  d o u b l e  peaks  w i t h  s p e c i a l  f r a c t i o n s .  

Even though t h e  SRC f r a c t i o n s  c o n t a i n  a b o u t  10% more oxygen and 10% l e s s  

L i s t e d  below are a l l  t h e  scissile bonds t h a t  w e  now t h i n k  are  i m p o r t a n t  i n  t h e  
l i q u e f a c t i o n  o f  b i tuminous  coal unde r  common o p e r a t i n g  c o n d i t i o n s .  The same t y p e s  
of bonds a r e  p robab ly  i n v o l v e d  i n  s c i s s i o n s  unde r  s t r o n g l y  a c i d i c  c o n d i t i o n s ,  as wi th  
pheno l  p l u s  bo ron  t r i f l u o r i d e  e t h e r a t e .  

Ar-CH,Ar 

Ar-OAr 
R-OAr 
R-OR 

and S a n a l o g s  

W e  now c o n s i d e r  c u r r e n t  h igh - t empera tu re ,  h i g h - p r e s s u r e  l i q u e f a c t i o n  p r o c e s s e s  
i n  terms of T a b l e  I and t h e  s c i s s i l e  bonds l i s t e d  above. The s o l v e n t - r e f i n i n g  
p r o c e s s  c o n s i s t s  m o s t l y  o f  conve r s ion  of  i n s o l u b l e  c o a l  to t h e  p y r i d i n e - s o l u b l e ,  
t o l u e n e - i n s o l u b l e  f r a c t i o n  o f  SRC. The n e t  r e s u l t  app rox ima tes  l o s s  o f  some hydrogen 
and more oxygen, f o r m a t i o n  o f  a more a r o m a t i c  a g g r e g a t e ,  and some bond b reakage ,  
Because t h e  s o l u b i l i t y - m o l e c u l a r  we igh t  r e l a t i o n s  are t h e  same i n  t h e  e x t r a c t  and 
SRC s e r i e s  (21, t h e  n e t  phenol-base r e l a t i o n s  have changed l i t t l e ,  and so t h e  re- 
q u i r e d  bond b reakage  a p p e a r s  t o  be a s s o c i a t e d  w i t h  n e t  l o s s  o f  e t h e r s  and some b i -  
benzyl  t ype  bonds.  The conve r s ion  o f  SRC t o  "oi l"  o r  d i s t i l l a t e  r e q u i r e s  a l a r g e  
hydrogen i n p u t  and a c o n s i d e r a b l e  r e d u c t i o n  i n  molecu la r  we igh t  and he te roa tom c o n t e n t  
P a r t  o f  t he  hydrogen r e q u i r e m e n t  is t o  cap  t h e  f r agmen t s  l e f t  when he te roa toms  a r e  
removed a s  water, H2S, and NH3, b u t  much o f  t h e  hydrogen r equ i r emen t  may be t o  reduce 
condensed a r o m a t i c  sys t ems  t h a t  canno t  be c l eaved  t o  p a r t i a l l y  hydroa romat i c  systems 
t h a t  can  be c l e a v e d ,  e s p e c i a l l y  by r e fo rming  c a t a l y s t s .  

Our working h y p o t h e s i s  l e a d s  u s  to s u g g e s t  cheape r  a l t e r n a t i v e  r o u t e s  t o  l i q u e -  
f a c t i o n .  F i r s t ,  t h e r e  are i n d i c a t i o n s  t h a t  e t h e r  c l e v a g e  a l o n e ,  w i thou t  removal o f  
oxygen o r  a d d i t i o n  o f  hydrogen,  can r e n d e r  c o a l  s o l u b l e  (4). The a l k y l a t i o n  r e q u i r e -  
ment now seems t o  be a s s o c i a t e d  more w i t h  r e d u c i n g  phenol-base i n t e r a c t i o n s  (1 ,Z)  by 
0 - a l k y l a t i o n  (5) t h a n  w i t h  C - a l k y l a t i o n  ( I ) .  There  shou ld  be lower - t empera tu re ,  low- 
p r e s s u r e  r o u t e s  f o r  e t h e r  c l e a v a g e ,  as by a c i d s  and b a s e s ,  a s  w e l l  as t h e  a l k a l i  
me ta l  r o u t e .  Whether e t h e r  c l e a v a g e  a l o n e  w i l l  t a k e  o u r  c o a l  t o  p r e a s p h a l t e n e s ,  
a l p h a l t e n e s ,  o r  o i l s ,  o r  some o f  each  ( T a b l e  I )  i s  unde r  i n v e s t i g a t i o n  (5). 

O x i d a t i o n s  o f  c o a l  models have shown t h a t  hydroa romat i c  r i n g s  are l i k e l y  t o  be 
a t t a c k e d  f i r s t  i n  f r e e  r a d i c a l  c h a i n  o x i d a t i o n s .  W e  have t h e r e f o r e  t r i e d  t o  dehy- 
d r o g e n a t e  such r i n g s  t o  a r o m a t i c  r i n g s  w i t h  t w o  o b j e c t i v e s ,  t o  d i r e c t  t h e  o x i d a t i o n  
t o  t h e  s c i s s i l e  bonds and t o  r e c o v e r  hydrogen f o r  subsequen t  p r o c e s s i n g .  Our f i r s t  
expe r imen t  w i t h  e t h y l e n e  as hydrogen a c c e p t o r  h a s  g iven  some promise o f  success .  
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We a r e  a l s o  s t u d y i n g  t h e  p o s s i b i l i t y  t h a t  s e l e c t i v e  o x i d a t i o n  w i l l  c l e a v e  most 
of t h e  s c i s s i l e  bonds l i s t e d  above. O x i d a t i o n  o f  d i a r y l m e t h a n e s  shou ld  g i v e  k e t o n e s  
t h a t  can  be conve r t ed  t o  e s t e r s  w i th  a p e r a c i d .  Longer  a l i p h a t i c  c h a i n s  between a r y l  
g roups  shou ld  be o x i d i z e d  t o  p a i r s  of a c i d s .  The a l k y l  e t h e r s  should be o x i d i z e d  t o  
esters. Hydro lys i s  of  e s t e r s  should then  r e s u l t  i n  c l e a v a g e  o f  scissile bonds. Mild 
o x i d a t i o n s  o f  e x t r a c t e d  c o a l  w i t h  subsequent  base h y d r o l y s i s  have indeed g iven  marked 
i n c r e a s e s  i n  s o l u b l e  m a t e r i a l s .  O x i d a t i o n  and nmr s t u d i e s  on s o l u b l e  f r a c t i o n s  o f  
Coal e x t r a c t  and SRC i n d i c a t e  t h a t  t h e  e x t r a c t  i s  r e l a t i v e l y  r i c h  i n  benzy l  hydrogen 
atoms and t h a t  t h e s e  are l o s t  p e r f e r e n t i a l l y  i n  o x i d a t i o n ;  however, t h e  SRC f r a c t i o n s  
t h a t  have t h e  most a r o m a t i c  hydrogen are most r e a c t i v e  and t h i s  k ind  o f  hydrogen i s  
l o s t  p r e f e r e n t i a l l y  i n  o x i d a t i o n .  

We have a l s o  examined t h e  use  of commercial  household b l e a c h ,  - 0.8 M sodium 
h y p o c h l o r i t e ,  as an  o x i d i z i n g  a g e n t  a t  30°,  where e x t r a c t e d  c o a l  i s  ve ry  r e a c t i v e .  
By s t e p w i s e  o x i d a t i o n ,  w i th  removal o f  a c i d s  as they  form, w e  have r ecove red  76% of 
t h e  carbon r e a c t i n g  as c a r b o x y l i c  a c i d s ,  most ly  b l ack  and s o l u b l e  o n l y  i n  aqueous 
sodium b i c a r b o n a t e ,  w i t h  smaller p r o p o r t i o n s  o f  wa te r - so lub le  p o l y b a s i c  a c i d s .  The 
s u s c e p t i b i l i t y  of Some, b u t  n o t  a l l ,  s u b s t r a t e s  to o x i d a t i o n  by sodium h y p o c h l o r i t e  
i s  pH dependen t .  
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Ear l y  Stages o f  Coal -Carbonizat ion:  
Evi dciiccs f o r  ; someii  z a t  i on  React ions':; 

S. K. Chakrabar t ty  and N. 8er l towi tz  
A l b e r t a  Reseal ch Counci 1 ,  11315-87 Ave., Edlilonton, A lbe r ta ,  Canada T6G 2C2 

A t  temperatures between %350° and 425"C, the  molecular  s t r u c t u r e s  t h a t  charac- 
t c r i z e  coal a r e  r a p i d l y ,  and v.:ry obv ious i  , t;ansfornied i n t o  more s t a b l e  carbon con- 
f i g u r a t i o n s  through loss o f  " v o l a t i l e  ma t t k r ' l  (as t a r  and gas) .  
about p o s s i b l e  c o n f i y u r a t i o n a l  changes a t  lower temperatures. 
i n d i c a t e  s p e c i f i c  hea t  e f f e c t s  as endo- and exothernis from %200°C up; b u t  because en- 
t ha lpy  changes recorded i n  t h i s  manner i nc lude  s e n s i b l e  heats  as w e l l  as heats o f  
r e a c t i o n ,  i t  i s  d i f f i c u l t  to assess the  na tu re  o f  t he  chemical processes which produce 
t h e  thermoyrams. On the  o t h e r  hand, low-temperature.chemica1 changes, i f  such d i d  i n  
f a c t  occur ,  should be r e f l e c t e d  i n  the " r e a c t i v i t y "  o f  h e a t - t r e a t e d  coa l  - and, i n  
p a r t i c u l a r  i n  i t s  response t o  o x i d a t i o n ;  and i f  o x i d a t i o n  cou ld  be  performed so as t o  
y i e l d  i d a n t i f i a b l e  products ,  i t  should be p o s s i b l e  t o  d e t e c t  t h e  major  c o n f i g u r a t i o n a l  
changes i n  t h e  d i s t r i b t i t i o n  o f  o x i d a t i o n  products .  

But l i t t l e  i s  ltnowri 
Thermograms o f  coa l  ( 1 )  

Accord ing ly ,  s ince  i t  was p r e v i o u s l y  shown (2 )  t h a t  sodium hypochlor i . te  ox ida-  
t i o n  y i e l d s  r e l a t i v e ! y  s imp le  c a r b o x y l i c  ac ids  o f  which many cou ld  be i d e n t i f i e d  by 
gas chromatography (GC) and mass spect rometry  (MS) ,  we thought i t  p e r t i n e n t  t o  de te r -  
mine whether 'this technique, a l though i n v o l v i n g  s t i l l  n o t  f u l l y  un.ierstood r e a c t i o n  
paths,  could a l s o  be  used t o  m n i t o r  low-temperature changes i n  coa l .  The p'resent 
paper r e p o r t s  the f i r s t  r e s u l t s  o f  such an e x p l o r a t o r y  s tudy.  

.. Experimental and - Resul ts  __ 

For the  purposes o f  t h i s  i n v e s t i g a t i o n ,  two coa ls  - a Western A l b e r t a  I v b  coal 
w i t h  C = go%, and a Kentucky hvb coal w i t h  C = 85% - were used. 

10 g samples o f  these coals ,  each s i zed  t o  -60 +I15 mesh, were preheated i n  
he l i um f o r  2 h r  a t  t he  des i red  temperature, cooled, and then s t o r e d  under pure He 
u n t i l  re:)iii 'red. No s i g n i f i c a n t  weight  los.ses o r  changes in .  elemental composi t ions 
were observed w i t h  e i t h e r  coa l  up t o  375"C;but 5-10% weight  losses, and s l i g h t  (0.5- 
1.2%) increases i n  carbon contents ,  w i t h  corresponding reduc t i ons  i n  oxygen were noted 
a f t e r  preheat ing a t  390-400°C. , 

For t h e  o x i d a t i o n  experiments, 2 g (preheated) samples were f i r s t  "ac t i va ted "  
by r e a c t i o n  w i t h  ni t ron ium- te t ra f luorobora te  i n  a c e t o n i t r i l e , .  and t h e r e a f t e r  t r e a t e d  
w i t h  125 oil o f  an aq. 1.6 N sodium h y p o c h l o r i t e  s o l u t i o n  a t  60°C. The pH o f  t h e  re-  
a c t i o n  m ix tu re  was mainta ined a t  12 by adding NaOH p e l l e t s  a t  r e g u l a r  i n t e r v a l s ' .  When 
r e a c t i o n  was complete, t h e  m i x t u r e  was a c i d i f i e d ;  i n s o l u b l e  ma t te r  was f i l t e r e d  o f f ;  
and s o l u b l e  c a r b o x y l i c  a c i d s  were e x t r a c t e d  w i t h  e t h e r .  The res idua l  s o l u t i o n  was 
f reed  o f  water by low-pressure d i s t i l l a t i o n  a t  40"C, and s o l i d  m a t e r i a l  l e f t  beh ind  
was e x t r a c t e d  w i t h  anhydrous methanol. 

The e t h e r -  and methanol -ext racts  were then combined, conver ted t o  methy l  es te rs  
by r e a c t i o n  w i t h  diazomethane, and separated by g e l  permeation. Chromatography on  a 
(Water Assoc ia tes ' )  Poragel column i n t o  two f r a c t i o n s  w i t h  m l e c u l a r  we igh ts  > 6 0 0  
and <600 r e s p e c t i v e l y  ( f r a c t i o n s  A and B ) .  F r a c t i o n  B (mol. w t .  <600) was f u r t h e r  
subd iv ided  i n t o  "simple" (B , I )  and "complex," ( B , 2 )  a c i d s  by e l u t i o n  chromatography 
on a F l o r i s i I  column. (From t h i s  column, methy l  e s t e r s  o f  "complex" ac ids  cou ld  on l y  

"Con t r i bu t i on  No. 813 from the  A l b e r t a  Research Counci I ,  
d. 

Prepared for p r e s e n t a t i o n  
a t  t h e  174th Meeting o f  A C S ,  Fuel Chemistry D i v i s i o n ,  Chicago, I l l i n o i s ,  August 28- 
September 2, 1977. 
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I:e'e!ljtzd w i t h  1 O : l  ch lo ro fo rm- ine tha~o l ,  w h i l e  eSters  of ' '5 im~i Ie ' '  ac ids  cou ld  be 
taken o f f  w i t h  pentane, hexane and 2 : l  hexane-chloroform.) 

The "simple" ac ids  ( f r a c t i o n  B , I )  were q u a n t i t a t i v e l y  anaiyzed by GC on O V - 1 7 /  
Chromcsorb WHP and rcFerence t o  peak area vs. concer,t i .at ion diagrams For a u t h e n t i c  
compounds. Uhere no a u t h e n t i c  compounds were avei  lob!e Por mcthyl e s t e r s  o f  t o luene  
ca rboxy l  i t  acids, concen t ra t i ons  were computed from response f a c t o r s  de r i ved  from 
those approp r ia te  f o r  t h e  methy l  e s t e r s  o f  benzene carhoxy l  i c  ac ids.  

De ta i l ed  study o f  t h e  o x i d a t i o n  p roduc ts  slioweci thaL the  raw and v a r i o d s l y  
preheated coais  f u r n i s h e d  s u b s t a n t i a l l y  i d e n t i c a l  amounts o f  carbon d iox ide  (F igu re  
I ) ,  b u t  . that  t h e r e  were s i g n i f i c a n t ,  though, complex, v a r i a t i o n s  i n  the  y i e l d s  o f  c a r -  
b o x y l i c  ac ids (F igures 2-6) and t h a t  these y i e l d s  depended on the  n a t u r e  o f  the coal  
as we1 1 as on t h e  preheat  temper.ature. Thus, w h i l e  the  I v b  coal had t o  be preheated 
t o  a t  l e a s t  350°C b e f o r e  i t  produced g r e a t e r  than the i n i t i a l  amounts of c a r b o x y l i c  
a c i d s ,  t he  hvb coal needed o n l y  t o  be preheated to  200°C be fo re  doing so (F igu re  2 ) .  

These obse rva t i ons  accord we1 i w i t h  enthalpy changks recorded by d i f f e r e n t i a l  
thermal ana lys i s  ( l ) ,  and a r e ,  i n  ou r  view, c l e a r l y  i n d i c a t i v e  o f  the rma l l y  induced 
a l t e r a t i o n s  of t h e  i n i t i a l  carbon c o n f i g u r a t i o n s  i n  t h e  two coals. 

F r a c t i o n  A - composed o f  ac ids  w i th  mol. wts .  i n  excess o f  600 - presumably 
represents  condensed a romat i c  fragments o f  the o r i g i n a l  and h e a t - t r e a t e d  samples; 
and i f  so, the f a c t  t h a t  y i e l d s  o f  t h i s  f r a c t i o n  increase w i t h  preheat  temperatures 
suggests t h a t  a romat i za t i on  begins a t  temperaturesas low as 150°C in  hvb coal and a t  
G!OO°C i n  I vb  coa l  (F igu re  3 ) .  

F r a c t i o n  B,2 - which represents  ove r  50% o f  t h e  t o t a l  a c i d  product  from each 
r ..L.,.p!c _.". a.zd ccqs i - t s  nf "rmnplex" ac ids  v i t h  m c l .  !,wt.=. <hCO - can he t? .n tn t i vn l y  i d e n t i  
f i e d  as o r i g i n a t i n g  in  coal  fragments t h a t  produce "prc-asphaitenes" i n  coal i iqueiaL-  
t i o n  processes (31, and v a r i a t i o n s  of t h e  y i e l d  o f  t h i s  f r a c t i o n  w i t h  preheat  tempera- 
t u r e  a r e  a l so  i n t e r e s t i n g  (F igu re  4 ) .  I n  t h e  case o f  I vb  coa l ,  B,2 y i e l d s  reach a 
maximum a t  375" and then  d e c l i n e  p r e c i p i t o u s l y  a t  390"C, b u t  t he  d e c l i n e  i s  compen- 
sated by an almost e q i v a l e n t  increase i n  t h e  y i e l d  o f  h i g h  molecular  weight  (>600) 
m a t e r i a l .  In  c o n t r a s t ,  B,2 y i e l d s  f rom the hvb -coa l  a t t a i n  a maximum a t  200°C, f a l l  
t o  minimum a t  300"C, and then r i s e  t o  another  maximum a t  400°C. 

The "simple" a c i d s  w i t h  mol. wts. -600 ( f r a c t i o i i  B , l ) ,  which were complete ly  
c h a r a c t e r i z e d  and i n v a r i a b l y  accounted. f o r  Z2-3O% o f  t he  t o t a l  a c i d  products ,  a r e  
e v i d e n t l y  produced From e a s i l y  o x i d i z a b l e  open s t r u c t u r e d  coal fragments; and from 
t h e  I v b  coa l ,  the y i e l d  o f  t h i s  f r a c t i o n  decreased s i e a d i  Iv as oreheat  temDeraturcs 
I-use. nowever, in  t n e  case o f  the hvb coal ,  t h e  y i e l d  was found t o  remain constant  
up t o  300"C, and t o  f l u c t u a t e  t h e r e a f t e r  ( F i g u r e  5) .  

F i n a l l y ,  some n o t e  must be taken o f  t he  d i s t r i b u t i o n  p a t t e r n  o f  penta-  and 
hexa-carboxy benzenes v i s - a - v i s  t h a t  o f  t r i -  and te t ra-carboxy to luenes.  Q u i t e  gen- 
e r a l l y ,  maxima f o r  benzenes and a!most c o i n c i d e n t  w i t h  minima and maxima o f  toluenes. 
B u t  he re  again, s i g n i f i c a n t  d i v fe rences  between I vb  and hvb coal a r e  observed. For 
t h e  I v b  coal ,  maxima o f  benzenes l i e  a t  175" and 375"C, w h i l e  f o r  t h e  hvb coal, they 
appear a t  350" and 400°C. Maximum y i e l d s  of to luenes were obta ined from Ivb  coal 
a f t e r  p rehea t ing  a t  300"C, and from hvb coa l  a f t e r  p rehea t ing  a t  150°C (F igures 6 
and 7 ) .  

We b e l i e v e  t h a t  these v a r i a t i o n s  i n  y i e l d  and d i s t r i b u t i o n  o f  carboxy ac ids 
a r e  b e s t  understood i n  terms of low-temperature i n t ra -mo lecu la r  i somer i za t i on  re -  
a c t i o n s  which modify t h e  ' i n i  t i a l  carbon-hydrogen c o n f i g u r a t i o n s  o f  t h e  coal w e l l  
be fo re  i t  begins t o  undergo thermal c rack ing .  O f  t he  two s p e c i f i c  processcs t h a t  
cou ld  be Postu la ted as e f f e c t i n g  such i somer i za t i on ,  one i s  trans-annular bond 
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foi- l i iai ior i  (Figure? 8) orid :he o t h c r  i s  i s o m e r i z a t i o n  o f  b e n z y l i c  carbon t o  a e t h y l -  
phenyl d e r i v a t i v e s  (F igu rc  8 )  and inarc c.om;~Ie:: r i n g  systems.' E i t h e r  chznge cou!d 
r e s d i l y  occur ac tenipe;stitres as l o w  as 150'C and c r e a t e  s t r u c t u r e s  suscep t ih le  t o  
o x i d a t i o n  by sod i uiii i i ypochlor  i t e .  

We note, i n  t h i s  connect ion,  t h a t  ether-oxygen also appears t o  p l a y  a major  
r o l e  i n  t h e  behaviour o f  coal  5 t  e levated ' temperatures ( 4 ) ;  b u t  whether o r  n o t  i so -  
m e r i z a t i o n  and/or cleavage o f  e the r - l i nkages  a l s o  occu r  a t  l o w  temperatures c o u i d  
n o t  be determincd i n  t h i s  s tudy,  s ince  h y p o c h l o r i t e  o x i d a t i o n  e a s i l y  degrades he te ro -  
c y c l i c  f unc t i ona l  elemerits under a c i d i c  as w e l l  as b a s i c  cond i t i ons .  
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SUPERCRITICAL SOLVENTS AND THE DISSOLUTION 
OF COAL AND LIGNITE 

James E. Bless ing  and David S. ROSS 

S tanford  Research I n s t i t u t e  
333 Ravenswood Avenue 

Menlo Park,  C a l i f o r n i a  94025 

The use of s u p e r c r i t i c a l  media as so lven t s  i n  coa l  e x t r a c t i o n  i s  of i n t e r e s t  
because of t h e i r  unusual so lven t  a b i l i t i e s .  I n  a review of t h e  genera l  concept of 
s u p e r c r i t i c a l  gas  e x t r a c t i o n ,  Paul  and Wise (1)  d i s c u s s  t h e  so lven t  p rope r t i e s  of 
materials above t h e i r  c r i t i ca l  temperatures (Tc). These s u p e r c r i t i c a l  vapors d i s -  
p lay  unusual so lven t  powers when compressed t o  l i q u i d  d e n s i t i e s .  
naphthalene i n  s u p e r c r i t i c a l  e thylene  ( a t  320 K), for example, is  increased  by a fac tor  
of lo3 when the vapor d e n s i t y  is increased  from about 0.1 t o  about 0.6 g/cm3 ( 2 ) .  

The s o l u b i l i t y  of 

Whitehead and W i l l i a m s  appl ied  t h i s  p r i n c i p l e  t o  t h e  e x t r a c t i o n  of coal w i th  
hydrocarbons i n  t h e i r  s u p e r c r i t i c a l  state (3). 
conta in ing  38% v o l a t i l e  matter i n t o  to luene  a t  350'C (Tc f o r  t o luene  i s  31SoC), or a. 
quan t i ty  of e x t r a c t  t h a t  w a s  g r e a t e r  than t h e  t a r  y i e l d  from ca rbon iza t ion  of t h e  
same coa l .  

They ex t r ac t ed  about  20% of a coa l  

In t h e  work d iscussed  here,  w e  used a number of d i f f e r e n t  so lven t s  as coal 
d i s s o l u t i o n  media, a l l  a t  tempera tures  above t h e i r  r e spcc t ive  c r i t i c a l  temperatures.  
Our ob jec t ives  w e r e  t o  i n v e s t i g a t e  a poss ib l e  structure/solvent-power r e l a t i o n s h i p  
and t o  determine i f  t h e  so lven t  has  t o  be s t r i c t l y  above i t s  c r i t i ca l  temperature t o  
be e f f e c t i v e .  Our exper iments  are b r i e f l y  descr ibed  below. 

Experimental 

A l l  experiments were c a r r i e d  ou t  i n  a 300 c m 3 ,  316 stainless s teel ,  MagneDrive 
s t i r r e d  au toc lave  from Autoclave Engineers. W e  used samples o f  bene f i c i a t ed  
I l l i n o i s  No. 6 coal, and a North Dakota l i g n i t e . *  Most of the experiments were done 
a t  335% f o r  90 minutes.  

I t  was necessary under  these  test cond i t ions  t o  be a b l e  t o  sepa ra t e  any 
materials so lub le  i n  t h e  media from t h e  ma te r i a l  i n s o l u b l e  dur ing  the  epxerirnent. 
T h i s  precaution would e l i m i n a t e  any confusion of r e s u l t s  i n  cases  where a s i g n i f i c a n t  
f r a c t i o n  o f  the  coa l  w a s  so lub le  a t  test cond i t ions  but i n so lub le  when t h e  system was 
brought back t o  ambient temperature and pressure .  Accordingly, w e  designed a coa l  
f i l t e r  "basket" for t h e s e  experiments (F igure  1). 
s t a r t i n g  coa l  between t w o  s i n t e r e d  g l a s s  d i s c s  wi th in  t h e  au toc lave  so  t h a t  any 
material d isso lved  under ou r  s u p e r c r i t i c a l  cond i t ions  would be ca r r i ed  through these  
d i s c s  and found o u t s i d e  t h e  baske t  a f t e r  t h e  experiment. 

Our procedure w a s  t o  p lace  t h e  

Q 
The s a m p l e s  were provided by Pennsylvania S t a t e  Univers i ty ,  whose des igna t ion  f o r  
t h e  coal samples w a s  PSOC-26 and f o r  t h e  l i g n i t e ,  PSW-246. 
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Resu l t s  and Discussion 

Supercr i  ti cal Ex t rac t ion  

We performed a number of experiments wi th  seve ra l  media, bo th  wi th  and wi thout  
t h e  ex t r ac t ion  appara tus  (baske t )  i n  the  r eac to r ,  and under i d e n t i c a l  experimental  
cond i t ions .  The r e s u l t s  i n  Table  1 show t h a t ,  f i r s t ,  t h e  degrees  of e x t r a c t i o n  are 
small, no more than  about 13% f o r  t h e  b e s t  cases, and second, t h a t  t he  va lues  f o r  
ma te r i a l  d i sso lved  i n  each  medium a f t e r  r eac t ion  a r e  v i r t u a l l y  t h e  same both wi th  
and wi thout  t he  basket.  Thus, t h e  s u p e r c r i t i c a l  media are e x t r a c t i n g  up t o  about 
13% of t h e  s u b s t r a t e ,  and t h a t  e x t r a c t  i n  t u rn  i s  s o l u b l e  i n  t h e  r e spec t ive  media 
a t  ambient condi t ions .  The e x t r a c t i o n  f o r  Run 86 i s  s i g n i f i c a n t l y  low, perhaps 
because the  l i g n i t e  tended t o  agglomerate under t h e  condi t ions  of t h i s  experiment, 
thereby reducing c i r c u l a t i o n  of i-propanol through t h e  basket.  

Clear ly ,  f i l t r a t i o n  under s u p e r c r i t i c a l  cond i t ions  w a s  no t  necessary t o  ob ta in  
t h e  maximum d i s s o l u t i o n ,  and t h e  promise of s u p e r c r i t i c a l  e x t r a c t i o n  appeared 
diminished i n  view of t h e  low e x t r a c t i o n  va lues .  To confirm these  f ind ings ,  w e  
made seve ra l  a d d i t i o n a l  runs  wi th  coa l  i n  a wide range of so lven t s  without t he  
baske t  a t  seve ra l  d i f f e r e n t  so lven t  d e n s i t i e s .  

We found it u s e f u l  t o  cons ide r  a l l  our e x t r a c t i o n  da ta  i n  terms of t he  
Hildebrand s o l u b i l i t y  parameter of t he  r e spec t ive  so lven t s .  This  parameter is  a 
measure of t he  cohes ive  fo rces  i n  a s o l u t i o n  and i s  expressed by the  r e l a t i o n  
b = a'b/V, where a i s  van  d e r  Waal's in te rmolecular  term and V is t h e  molar volume 
( 4 ) .  I n  addi t ion ,  t h e  s o l u b i l i t y  parameter has  been cons idered  i n  terms of p o l a r  
and nonpolar con t r ibu ions  [4( .)I. The app l i ca t ion  of t he  s o l u b i l i t y  parameter t o  
c o a l  processing has  been d iscussed  by Angelovich e t  a l .  (5), who concluded t h a t  
so lven t s  with a nonpolar s o l u b i l i t y  parameter of about 9.5 appeared t o  be most 
e f f e c t i v e  i n  c o a l  d i s s o l u t i o n .  

Giddings e t  a l .  ( 6 )  found a c o r r e l a t i o n  between so lven t  c a p a b i l i t i e s  and 6 
values  of a number of s u p e r c r i t i c a l  f l u i d s  a t  l i q u i d  d e n s i t i e s .  The i r  express ion  

1 

c r  

de f in ing  the  parameter i s  
6 = 1 .25  P2p / p ( l i q )  1) 

where Pc is t h e  c r i t i c a l  p re s su re  i n  atmospheres, p r  i s  t h e  reduced dens i ty ,  and 
p (1 iq )  i s  the  reduced d e n s i t y  o f  l i q u i d s ,  assumed t o  be about 2.66. We can  thus  
vary t h e  6 va lue  fo r  a given medium simply by vary ing  t h e  experimental  dens i ty .  

The pyr id ine  s o l u b i t i o n  of our s t a r t i n g  c o a l  is 13$. Figure  2 compiles a l l  
ou r  e x t r a c t i o n  d a t a  and  p l o t s  t h e  t o t a l  pyr id ine  s o l u b i l i t i e s  of t h e  coa l  products 
versus  the  Hildebrand s o l u b i l i t y  parameter va lue  fo r  each medium, a s  determined by 
Equation 1. Each experiment y ie lded  both  a f i l t r a t e  so luble  i n  the  r eac t ion  
medium and a f i l t e r a b l e  r e s idue .  All f i l t r a t e s  were pyr id ine-so luble ,  and the  
s o l u b i l i t i e s  i n  p y r i d i n e  of each  of t h e  r e s idues  were determined a t  room tempera- 
t u re .  The va lues  used i n  the  f igu re  are the  t o t a l  s o l u b i l i t i e s ,  ob ta ined  by sum- 
ming t h e  f r a c t i o n  of t h e  s t a r t i n g  coa l  represented  by t h e  f i l t r a t e ,  and the  
pyr id ine-so luble  f r a c t i o n  of t h e  s t a r t i n g  c o a l  i n  t h e  res idue .  
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Table 1 
SUPERCRITICAL EXTRACTION OF ILLINOIS NO. 6 COAL AND 

NORTH DAKOTA L I G N I T E  ( a t  335'C for 60 min)a 

45 

49 

27 

16 

1 I S u p e r c r i t i c a l I  

Toluene 
, ( s u b c r i t i c a l )  0.65 

Benzene 
( s u p e r c r i t i c a l )  0.70 

Toluene 
( s u p e r c r i t i c a l )  0.65 

Benzene 
( s u p e r c r i t i c a l )  0.70 

j Run No. Medium Mode 
Type 

305 

305 

335 

335 

Lig- 
n i t e  

2400 8 12 13 

2400 8 11 13 

3400 13 21  24 

4100 10 22 20 

84 

86 
65 - 

Basket 

Basket 

Basket 

iPrOH 0.3 

Benzenz 0.6 
Benzene' 0.6 No Basket 

:::$ ::: No Basket 

Toluene 0.2 Basket 
Toluene 0.2 No Basket 
iPrOH 0.1 Basket 
iPNH 0.1 No Basket 

1 
Recovered 

95 
92 
97 
94 

a5  g coa l  or l i g n i t e ;  r eac to r  volume, 280 ml. 
b 
Room temperature s o l u b i l i t i e s  of t he  s t a r t i n g  coa l  and l i g n i t e d  
a r e  l e s s  t han  1% i n  a l l  t h e  t e s t  so lven t s .  

'1 g coa l ,  f o r  3 h r .  

dl g coa l .  

Table 2 
EXPERIMENTS ON ILLINOIS NO. 6 COAL WITH TOLUENE 

BELOW AND ABOVE ITS CRITICAL TEMPERATURES FOR 90 MINUTES 

aThe c r i t i c a l  temperatures  for toluene and benzene a r e  320'C and 

b 
288 '~ ,  r e  spec t i v e l  y . 
The c r i t i c a l  p re s su res  of toluene and benzene a r e  630 p s i  and 
720 p s i ,  r e spec t ive ly .  

'The "F i l t "  v a l u e s l a r e  t h e  f r a c t i o n  of t h e  product  c o a l  which is 
so lub le  i n  t h e  test medium a t  room temperatures.  
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The p lo t  may be roughly s p l i t  i n t o  two regions.  The upper region o f  
r e l a t i v e l y  high py r id ine  s o l u b i l i t i e s  r ep resen t s  da t a  from p rev ious ly  discussed 
work with alcohols  as  €I-donor Solvents  (7). 
t h e  lower l i n e .  
u b i l i t y  of t h e  un t r ea t ed  coal i t s e l f  i n  pyridine.  

The bulk of t he  d a t a  f a l l s  about 
Most of  t h e  s o l u b i l i t i e s  a r e  below 13% o r  l e s s  than the  sol-  

We used p res su re  ranging from about 700 p s i  f o r  t h e  lower 6 values t o  
about 4000 p s i  for t he  h ighes t .  Within t h e  range of so lven t s  s tud ied ,  and with 
t h e  exception of  t h e  H-donor a l coho l s ,  no gross  d i f f e r e n c e s  a r e  apparent between 
so lven t  types.  For example, a l l  t h e  hydrocarbons (o), both a l i p h a t i c s  and aro-  
mat ics ,  c l u s t e r  well  about  the l i n e ,  a s  does t h e  s i n g l e  point  f o r  water ( e  ). 
Methanol (a) is a l s o  c l o s e  t o  t h e  l i n e  and apparent ly  does not  s e rve  a s  an H- 
donor* under these cond i t ions .  The two so lven t s  a l i t t l e  above the l i n e  a r e  
py r id ine  (3) and t -bu ty l  a l coho l  (v ). Pyr id ine  is a well  known so lven t  i n  
c o a l  work; i ts e x t r a c t i o n  c a p a b i l i t y  i s  appa ren t ly  not  enhanced by high p res su res  
and temperatures and its s u p e r c r i t i c a l  s t a t e .  The alcohol ,  on t h e  o the r  hand, 
cannot operate as an H-donor, and ye t ,  unexpectedly,  t he  p l o t  shows it t o  be a be t -  
ter solvent  t han  methanol. 

The roughly l i n e a r  c o r r e l a t i o n  displayed by t h e  d a t a  suggests  t h a t  t he  
d i s s o l u t i o n  process  is n o t  a func t ion  of t h e  so lven t  type,  bu t  r a t h e r ,  i s  sens i -  
t i v e  t o  the d e n s i t y  ( i . e . ,  p re s su re )  of t h e  medium. Perhaps what w e  observe is  
an i n i t i a l ,  r e v e r s i b l e  thermal fragmentation of a c r i t i c a l  l i n k  i n  coal .  

followed by some means of  s t a b i l i z a t i o n  by solvent  ( S )  

4' + S - s t a b l e  product 

The nature  of t h e  s t a b i l i z a t i o n  p rocess  remains i n  quest ion.  

The p o s i t i v e  s lope  of  t he  lower l i n e  i n  Figure 2 suggests  t h a t  g r e a t e r  
degrees  of e x t r a c t i o n  might be p o s s i b l e  a t  higher  6 values .  The po in t  l abe led  
d i n  the  f igu re  is  f o r  a 6 value of  7 .5  and is  taken from an experiment with 
benzene a t  4100 p s i .  I f  we make t h e  appropriate  s impl i fy ing  assumptions 
r ega rd ing  l i q u i d  compress ib i l i t y ,  we can c a l c u l a t e  t h a t  f o r  a 6 value of 10, 
where by e x t r a p o l a t i o n  we would expect  a py r id ine  s o l u b i l i t y  of 2 3 ,  a p re s su re  
i n  excess of 7800 p s i  would be r equ i r ed .  C lea r ly ,  e x t r a c t i o n s  a t  t h se  p re s su re  
would not be p r a c t i c a l .  

E f fec t  of S u p e r c r i t i c a l  S t a t e  

F ina l ly ,  to  determine i f  t h e  s u p e r c r i t i c a l  s t a t e  is  s t i c t l y  necessary t o  
o b t a i n  the small  e x t r a c t i o n s  d i scussed  here ,  we compare t h e  r e s u l t s  of using 
to luene  and benzene a t  305'C and 335OC. These temperatures  a r e  above t h e  TC of 

* 
We have r ecen t ly  found t h a t  with some bases  p re sen t ,  methanol ope ra t e s  very 
wel l  a s  an H-donor a l coho l .  
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benzene (288OC), but  below and above, r e spec t ive ly ,  t h e  Tc of toluene ( 32OOC). 
The r e s u l t s  of t h i s  s e r i e s  of runs a r e  presented i n  Table 2. 

The benzene i n  Runs 49 and 16 i s  s u p e r c r i t i c a l .  With inc reas ing  tempera- 
t u re ,  a small  i nc rease  can be seen i n  t h e  te t rahydrofuran (THF) and p y r i d i n e  
values .  S imi l a r  changes can be seen fo r  toluene i n  Runs 45 and 27 over t h e  same 
temperature range, where toluene is below and above i t s  Tc, r e spec t ive ly .  

The changes observed a r e  due t o  temperature d i f f e rences  alone. These conver- 
sions a r e  thus due t o  the  presence of a dense medium a t  high temperatures .  We 
conclude, t he re fo re ,  t h a t  whether an e x t r a c t i o n  medium i s  s t r i c t l y  s u p e r c r i t i c a l ,  
t h a t  is, above the  c r i t i c a l  temperature,  is of l i t t l e  consequence. 

Acknowledgement 

We acknowledge t h e  support  of t h e  U.S.  Energy Research and Development Adminis- 
t r a t i o n  of t h e  work. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

P.  Paul and W. Wise, "The P r i n c i p l e s  of Gas Ex t rac t ion , "  M i l l  & Boon L td . ,  
London, 1971. 

Yu, Tsekhanskaya, M.  Iomtev, and E. Mashkina, Zh. F i z .  Khim., 38, 2166 
(1964). 

J. Whitehead and D. W i l l i a m s ,  J. I n s t .  Fuel,  182 (December 1975). 

( a )  H .  Hildebrand and R. Sco t t ,  The S o l u b i l i t y  of Nonelectrolytes ,  Reinhold, 
New York, 1950. 

( b )  C .  Hansen and A. Beerbover, " S o l u b i l i t y  Parameters" i n  K i r k - O t h e r  
Encyclopedia of Chemical Technology, 2nd Ed., Suppl. Vol., John Wiley, 
1971. 

( c )  R. Blanks and J. Peausni tz ,  Ind. Eng. Chem. Fundamentals, 3, 1 (1964).  

J .  Angelovich, G. P a s t o r  and H. S i l v e r ,  Ind. Eng. Chem. Process  Des. Dev., 
9, 106 (1970).  

J. Giddings, M. Myers,  L. McLaren, and R. Ke l l e r ,  Science,  162, 67 
( 4  October 1968).  

D. S .  Ross and J. Blessing,  "Isopropyl Alcohol a s  a Coal L ique fac t ion  Agent," 
Fuel D iv i s ion  P r e p r i n t s  f o r  t h e  173rd Nat ional  Meeting of t he  American Chem. 
soc. ,  N e w  Orleans,  LA, March, 1977. 

- 

123 



HETEROATOM SPECIES I N  COAL LIQUEFACTION PRODUCTS 

F. K. Schweighardt, C.  M. White, S.  Friedman and 3 .  L.  Shul tz  

Energy Research and Development Adminis t ra t ion  
P i t t s b u r g h  Energy Research Center 

4800 Forbes Avenue, P i t t s b u r g h ,  PA 15213 

INTRODUCTION 

An assessment 'of t h e  n i t r o g e n  and oxygen heteroatom s p e c i e s  i n  coal-der ived prod- 
u c t s  i s  a complex y e t  impor tan t  a n a l y t i c a l  problem i n  f u e l  chemistry.  P r i n c i p a l l y ,  
t h i s  i s  because t h e  system i s  a m u l t i f a r i o u s  molecular  mixture  t h a t  does not  e a s i l y  
lend  i t s e l f  t o  d i r e c t  a n a l y s i s  of any one component O K  f u n c t i o n a l  group. A l b e i t  
t h i s  problem i s  not  new, t h e  c h a r a c t e r i z a t i o n  of t h e s e  heteroatoms i s  of immediate 
importance t o  f u r t h e r  process ing  of these  f u e l s .  We s h a l l  d e t a i l  t h e  methods and 
techniques  used t o  r a p i d l y  i s o l a t e  and/or  c h a r a c t e r i z e  both n i t r o g e n  and oxygen 
heteromolecular  s p e c i e s .  U t i l i z a t i o n  is made of so lvent  s e p a r a t i o n s ,  f u n c t i o n a l  
group type  s e p a r a t i o n ,  chemical d e r i v a t i z a t i o n ,  H C 1  sa l t  formation and t h e  use  of 
chromatographic and s p e c t r o m e t r i c  a n a l y t i c a l  methods t o  q u a n t i t a t e  o u r  r e s u l t s .  
S p e c i f i c a l l y ,  w e  a s c e r t a i n e d  t h e  kind and d i s t r i b u t i o n  of n i t rogen  and oxygen 
heteromolecules  i n  a c o a l  l i q u e f a c t i o n  product  and i n  a r e c y c l e  so lvent  used i n  
s o l v e n t  re f ined  c o a l  (SRC) process ing .  The c o a l  l i q u e f a c t i o n  product  w a s  f i r s t  
s o l v e n t  separated i n t o  o i l s ,  a s p h a l t e n e s ,  p reasphal tenes  and a s h ,  whi le  low b o i l i n g  
o i l s  ( l i g h t  o i l s )  t rapped  from knock-out tanks  and t h e  SRC recyc le  s o l v e n t  w e r e  
t r e a t e d  d i r e c t l y .  Ni t rogen  bases  were complexed as H C 1  adducts  o r  s e p a r a t e d  on 
ion-exchange r e s i n s .  Hydroxyl-containing s p e c i e s  from t h e  separa ted  f r a c t i o n s  were 
q u a n t i t a t e d  by i n f r a r e d  spectroscppy o r  by formation of a t r i m e t h y l s i l y l  e t h e r  
(TMS) and subsequent a n a l y s i s  by H NMR and mass spectrometry.  Hydroxyl s p e c i e s  
were a l s o  i s o l a t e d  on ion-exchange r e s i n s  o r  by s e l e c t i v e  grad ien t  e l u t i o n  from 
s i l ica  g e l .  

EXPERIMENTAL 

Solvent  Separat ion 

Coal l i q u e f a c t i o n  p r o d u c t s  were s o l v e n t  separated '  by f i r s t  f r e e z i n g  t h e  c o a l  
l i q u i d s  i n  l i q u i d  n i t r o g e n  and gr inding  them t o  f i n e  p a r t i c l e s .  This f rozen  o i l  
can be  e a s i l y  t r a n s f e r r e d  t o  a s t a i n l e s s  s tee l  c e n t r i f u g e  tube. P e s t i c i d e - g r a d e  
s o l v e n t s  were then used t o  s o l u  i l i z e  s p e c i f i c  f r a c t i o n s - - o i l s  (pentane) ,  asphal-  
t e n e s  (benzene), p r e a s p h a l t e n e s  ( te t rahydrofuran)  and coal-derived a s h  ( i n s o l u b l e  
i n  a l l  s o l v e n t s  used) .  By s t a r t i n g  wi th  a 3-4 gram sample, one (1)  l i t e r  of each 
s o l v e n t  i n  four  o r  f i v e  200 m l  p o r t i o n s  w a s  u s u a l l y  s u f f i c ' e n t  t o  e x t r a c t  t h e  
s o l u b l e s .  rpm a t  6'C f o r  10 
minutes .  
(65-85OC). 
a 20 m l  s o l u t i o n  of benzene/asphal tenes  w a s  swir led- in  a p a s k  and f l a s h  f rozen  i n  
l i q u i d  n i t rogen ,  and t h e  s o l v e n t  w a s  sublimed a t  10 

4 

t Inso lubles  w e r e  removed by c e n t r i f u g a t i o n  a t  1 0  
Solvents  were removed by n i t r o g e n  f l u s h  on a Rotovap using a water  ba th  

Asphaltenes w e r e  t r e a t e d  d i f f e r e n t l y  a t  t h e  f i n a l  so lvent  removal s t e p ;  

-10- t o r r  f o r  2-3 hours .  

H C 1  Treatment 

The o b j e c t i v e  of  t h i s  procedure w a s  t o  s e p a r a t e  andfor  concent ra te  bo th  n i t  o en 
heteromolecules  and hydroxyl-containing s p e c i e s  from coal-derived m a t e r i a l .  gGas- 
eous H C 1  was bubbled through a benzene o r  pentane s o l u t i o n  of the  c o a l  product  t o  
form a n  inso luble  H C l  adduct  wi th  molecules  conta in ing  a b a s i c  n i t r o g e n  atom. The 
adduct ,  a f t e r  being washed f r e e  of o t h e r  components, w a s  back t i t r a t e d  wi th  d i l u t e  
NaOH s o l u t i o n  t o  f r e e  t h e  base  n i t r o g e n  i n t o  a n  organic  phase, u s u a l l y  d i e t h y l  
e t h e r ,  methylene c h l o r i d e  o r  benzene. The two f r a c t i o n s  recovered c o n t a i n  a c i d /  
n e u t r a l  and n i t rogen  b a s e  m a t e r i a l ,  r e s p e c t i v e l y .  

1 2 4  



Hydroxyl S i l y l a t i o n  

O i l s ,  a spha l tenes  and preasphal tenes  w e r e  t r e a t e d  wi th  hexamethty2is i lazane (HMDS) 
t o  form a t r i m e t h y l s i l y l  e t h e r  (TMS) of a c t i v e  hydroxyl groups. ' A 50 mg sample 
of  coal-derived product  w a s  d i sso lved  i n  25 m l  of  benzene conta in ing  50 lJ1 of 
pyridine-d5. 
mine were added. 
Bunsen valve and mi ld ly  re f luxed  f o r  one hour wi th  occas iona l  s w i r l i n g  of the  
f l a s k .  Af te r  t h e  r e a c t i o n  was completed, s o l v e n t s  and unreacted reagents  were 
removed under n i t r o g e n  f l u s h  on a Rotovap and f i n a l l y  f r e e z e  d r i e d  from 5 m l  o f  
benzene f o r  30 minutes. A p o r t i o n  of t h e  f i n a l  product  w a s  ch c ed by i n f r a r e d  
spectroscopy (IR) f o r  d i sappearance  of t h e  OH band a t  3590 cm-'.k The remaining 
sample was d isso lved  i n  benzene-d6 and its pro ton  NMR spectrum taken and i n t e -  
gra ted .  From t h e  r e l a t i v e  areas of h e  peaks i n  t h e  proton NMR spectrum, a percent  
H a s  OH was c a l c u l a t e d  (Equation 1). 

To t h i s  s o l u t i o n  500 p1 each of HMDS and N-trimethylsilyldimethyla- 
This  mixture  w a s  maintained a s  a c losed system except  f o r  a small 

f 

TMS Area 

(7) + (Remaining Proton Area) 

(7) 
x 10' = % H a s  OH (1) 

TMS Area 

From an elemental  a n a l y s i s  of t h e  o r i g i n a l  sample, one can c a l c u l a t e  t h e  weight 
percent  oxygen as OH on a mois ture  and a s h  f r e e  b a s i s  (MAF). 

Combined Gas Chromatography-Mass Spectrometry (GCMS): 

The combined GCMS analyses  were performed us ing  a Dupont 490 mass spectrometer  
te r faced  t o  a Varian 1700 S e r i e s  gas  chromatograph, equipped wi th  an 80:20 g l a s s  
s p l i t t e r  and a f lame i o n i z a t i o n  d e t e c t o r .  The spectrometer  was a l s o  coupled t o  a 
Hewlett-Packard 2100A computer used f o r  spec t romet r ic  da ta  s t o r a g e  and reduct ion .  
The mass spectrometer  was opera ted  a t  a r e s o l u t i o n  of 600 and a n  i o n i z i n g  v o l t a g e  
o f  70 eV.  The i o n  source,  j e t  s e p a r a t o r  and g l a s s  l i n e  from the  chromatograph to 
t h e  mass spectrometer  were he ld  a t  275°C. The chromatographic e f f l u e n t  w a s  con- 
t inuous ly  scanned a t  a rate of four  seconds p e r  decade by t h e  m a s s  spec t rometer .  

The gas  chromatographic s e p a r a t i o n s  were e f f e c t e d  using a v a r i e t y  of c o n d i t i o n s .  
The n i t r o g e n  bases  and a c i d  f r a c t i o n s  from t h e  c o a l  l i q u e f a c t i o n  product  were 
chromatographed on a 10' x 1/4"  OD g l a s s  column packed wi th  100-120 mesh Supelco- 
p o r t  coated wi th  3% OV-17. Bases from t h e  SRC product  were chromatographed on a 
10'  by 1/8" OD g l a s s  column packed wi th  100-120 mesh Chromasorb-G coated wi th  2% 
OV-17. Gas chromatographic s e p a r a t i o n  of bases  from t h e  l i g h t  o i l  w a s  achieved 
us ing  a 10' x 1/8" OD g l a s s  column conta in ing  a c i d  washed and s i l y l  t r e a t e d  100-120 
mesh Supelcoport coated w i t h  3% Carbowax 20M. In each case  t h e  H e  flow r a t e  w a s  30 
cc/min and t h e  a n a l y s e s  were performed us ing  a p p r o p r i a t e  temperature  p r o g r a m i n g  
condi t ions .  

Column Chromatographic Separa t ion  

Coal-derived l i q u i d s ,  s o l u b l e  i n  pentane,  w e r e  separa ted  i n t o  f i v e  f r a c t i o n s :  
a c i d s ,  bases ,  n e u t r a l  n i t rogen ,  s a t u r a t e  hydrocarbons and aromatic  hydrocarbons. 
Acids were i s o l a t e d  us ing  anion-exchange r e s i n s ,  bases  wi th  cation-exchange r e s i n s ,  
and n e u t r a l  n i t r o g e n  by complexation wi th  f e r r i c  c h l o r i d e  adsorbed on Attapulgus 
c lay .  Those pentane s o l u b l e  hydrocarbons remaining were separa ted  on s i l i c a  g e l  to  
g i v e  the  non-adsorbed s a t u r a t e s  and t h e  moderately r e  a ined aromat ics .  
method i s  commonly r e f e r r e d  t o  as t h e  SARA technique.  

*Reference t o  s p e c i f i c  makes o r  models of equipment does n o t  imply endorsement by 

* 
in -  

This  6 

the  U. S. Energy Research and Development Adminis t ra t ion.  
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RESULTS AND DISCUSSION 

The cent r i fuged  c o a l  l i q u i d  product  (CLP) w a s  produced us ing  I r e l a n d  Mine, P i t t s -  
burgh seam,gWest V i r g i n i a  c o a l  i n  t h e  1 / 2  ton p e r  day SYNTHOIL Process  Development 
Unit  (PDU). 
pressure ,  450'C and no added c a t a l y s t .  The l i g h t  o i l s  were der ived from a c a t a -  
l y t i c  experiment (Harshaw 0402T) using Homestead Mine, Kentucky c o a l ,  under 4000 
p s i  p r e s s u r e  and 450°C. 

The c o a l  l i q u e f a c t i o n  product  w a s  so lvent  separa ted  by t h e  method previous ly  de- 
s c r i b e d  t o  y ie ld  t h e  d i s t r i b u t i o n  of f r a c t i o n s  given i n  Table l. Figure  l g i v e s  
t h e  atom weight percent  d i s t r i b u t i o n  of n i t r o g e n  and oxygen i n  t h e  s o l v e n t  sepa- 
r a t e d  f r a c t i o n s  l i s t e d  i n  Table l. 
separa ted  i n t o  f i v e  f r a c t i o n s  us ing  t h e  SARA chromatographic scheme. Table 2 l i s t s  
t h e  weight percents  of  the i n d i v i d u a l  f r a c t i o n s .  The asphal tenes  w e r e  t r e a t e d  wi th  
H C 1  t o  form a c i d / n e u t r a l  and b a s e  s u b f r a c t i o n s ,  63 and 37 weight percent ,  r e s p e c t i v e l y .  

The a c i d  and b a s e  f r a c t i o n s  from t h e  SARA s e p a r a t i o n  of t h e  o i l s  were subjec ted  t o  
a n a l y s i s  by combined GCMS and low v o l t a g e  low r e s o l u t i o n  mass spectrometry (LVLR). 
F igures  2 and 3 reproduce  t h e  g a s  chromatograms of  the base  and a c i d  f r a c t i o n s ,  
r e s p e c t i v e l y .  The oxygen conta in ing  s p e c i e s  shown i n  F igure  3 have been c l a s s i f i e d  
as a l k y l a t e d  phenols ,  i n d a n o l s / t e t r a l i n o l s ,  phenyl  phenols ,  and cyclohexyl  phenols. 
Table 3 l i s t s  t h e  carbon number range  and t e n t a t i v e  compound type assignments  f o r  
t h e  n i t r o g e n  he terpf lo lecules  i n  t h e  a c i d  and base  f r a c t i o n s  a s  determined by LVLR 
mass spectrometry.  Table  4 l i s ts  t h e  compound types  ass igned  to  t h e  base  f r a c -  
t i o n  o f  t h e  o i l s  by GCMS. 

Table 5 l i s t s  t h e  carbon number range d a t a  from t h e  HRMS a n a l y s i s  of  t h e  asphal-  
t e n e s  and t h e i r  a c i d / n e u t r a l  and base  s u b f r a c t i o n s .  61t must be  noted t h a t  at t h e  
o p e r a t i n g  condi t ions  of the s o l i d s  inlet ,  3OO0C, 10- t o r r ,  less than  50% of t h e  
these  m a t e r i a l s  could be  v o l a t i l i z e d .  These pre l iminary  s t u d i e s  have a l s o  i n d i -  
ca ted  t h e  presence of a l i m i t e d  number of d iaza-spec ies  from Z# = 8-18. 

The SYNTHOIL PDU c p p t a i n s  s e v e r a l  knock-out t r a p s  t h a t  condense low b o i l i n g  compo- 
nents ,  l i g h t  o i l s .  Nitrogen bases  i n  t h e  l i g h t  o i l s  were i s o l a t e d  by t h e i r  
p r e c i p i t a t i o n  w i t h  gaseous H C 1  and back t i t r a t e d  wi th  NaOH i n t o  d i e t h y l  e t h e r .  
These n i t r o g e n  b a s e s  c o n s t i t u t e d  3% by weight  of the  l i g h t  o i l s .  The g a s  chroma- 
tographic  p r o f i l e  of t h e s e  bases  is given i n  F igure  4. An earlier s tudy  of t h e s e  
l i g h t  o i l s  c h a r a c t e r i z e d  the  s a t u r a t e s ,  a m a t i c s  and a c i d i c  components separa ted  
by Fluorescence I n d i c a t o r  Analysis  (FIA) .'* The p r e s e n t  i n v e s t i g a t i o n  has  r e s u l t e d  
i n  t h e  f i r s t  q u a n t i t a t i v e  a n a l y s i s  of p y r i d i n e s  and a n i l i n e s  i n  an o i l  produced by 
t h e  hydrogenat ion of c o a l .  

Table  6 summarizes t h e  q u a n t i t a t i v e  r e s u l t s  from t h e  chromatogram of F igure  4 .  
i s  of i n t e r e s t  t o  p o i n t  o u t  t h a t  dur ing  t h i s  i n v e s t i g a t i o n ,  though numerous s u b s t i -  
tu ted  pyr id ines  were q u a n t i t a t e d ,  no evidence f o r  t h e  parent  w a s  found. Because 
t h e  techniques employed recovered components w i t h  b o i l i n g  p o i n t s  n e a r  t h a t  of pyri-  
d i n e  i t  is  suggested t h a t  t h i s  observa t ion  may be s i g n i f i c a n t .  I f  f r e e  p y r i d i n e  
was t rapped w i t h i n  t h e  c o a l  macromolecular s t r u c t u r e  i t  s u r e l y  would have been 
found i n  e i t h e r  t h e  l i g h t  o i l s  o r  t h e  pentane s o l u b l e  o i l s .  I f ,  on t h e  o t h e r  hand, 
p y r i d i n e  was a t t a c h e d  exo-, v i a  a s i n g l e  C-C bond, t o  a more complex molecular  
network, the hydrogenat ion  process  should have f r e e d  i t  i n t a c t .  But i f  t h e  n i t r o -  
gen heteroatom w a s  a n  i n t e g r a l  p a r t  of t h e  o r i g i n a l  c o a l  macromolecule, then 
hydrogenation would have cleaved a number of Ca-Cg bonds t o  produce a wide d i s t r i -  
bu t ion  of methylpyridines .  Table  6 shows t h i s  methyl s u b s t i t u t i o n  t rend .  Quant i -  
t a t i v e  r e s u l t s  i n d i c a t e  t h a t  2 ,3 ,6- t r imethylpyr id ine  is seven t imes more abundant 
than 2,3-dimethylpyridine and approximately t w i c e  as abundant a s  any o t h e r  methyl- 
pyr id ine .  

The source  of a n i l i n e s  and ,  i n  p a r t i c u l a r ,  t h e  observa t ion  of bo th  t h e  p a r e n t  and 
t h e  methyl s u b s t i t u t e d  a n i l i n e s  a r e  of i n t e r e s t .  

Operat ing c o n d i t i o n s  f o r  t h i s  experiment  were 4000 p s i  hydrogen 

The pentane s o l u b l e  o i l s  w e r e  subsequent ly  

I 

It 

Ani l ines  can  arise from hydro- 
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genat ion  of t h e  h e t e r o r i n g  i n  a fused r inf3sys tem fol lowed by breaking of t h e  bond 
between n i t r o g e n  and a n  a l i p h a t i c  carbon. 
d e r i v a t i v e  could be a source  of  t h e  a n i l i n e s .  Table  4 l ists  seven q u i n o l i n e s  found 
i n  t h e  o i l s  t h a t  could be  t h e  precursofy.  The presence of  t h e  parent  a n i l i n e ,  t h a t  
should r e a d i l y  be  hydrodeni t rogenated,  i s  s i g n i f i c a n t .  I f  d e a l k y l a t i o n  w a s  t h e  
same f o r  a l l  spec ies ,  why d i d n ' t  we see any of t h e  p a r e n t  pyr id ine?  
t h a t  t h e  p o t e n t i a l  a n i l i n e  m o i e t i e s  are l o c a t e d  near  t h e  per iphery  of t h e  c o a l  
macromolecule i n  c o n t r a s t  t o  t h e  pyr id ines .  
methylan i l ines  ( t o l u i d i n e s )  a r e  i n  abundance i n  t h e  o r d e r  meta > o r t h o  >> para > 
parent  a n i l i n e ,  and a l l  are g r e a t e r  than  t h e  d imethylan i l ines .  These i n t e r p r e t a -  
t i o n s  are based upon t h e  more d e t a i l e d  a n a l y s i s  of t h e  l i g h t  o i l s .  
evidence f o r  t h e  presence of  s i g n i f i c a n t  amounts of a l k y l a t e d  a n i l i n e s  and pyri-  
d i n e s  i n  t h e  pentane s o l u b l e  o i l s  from t h e  CLP have not  been repor ted .  

To complete t h i s  i n i t i a l  i n v e s t i g a t i o n  of  n i t r o g e n  s p e c i e s  w e  chose t o  l o o k  a t  t h e  
n i t r o g e n  compounds p r e s e n t  i n  t h e  r e c y c l e  s o l v e n t  used f o r  SRC process ing  and com- 
pare  them wi th  those  found i n  c o a l  l i q u e f a c t i o n  product  o i l s .  A f t e r  e x t r a c t i n g  t h e  
gross  benzene s o l u b l e s ,  they  were t r e a t e d  w i t h  HC1 t o  i s o l a t e  n i t r o g e n  bases .  This  
p a r t i c u l a r  sample had a s l i g h t  r e s i d u e  t h a t  w a s  benzene i n s o l u b l e .  
t h e  gas  chromatographic p r o f i l e  of  t h e s e  n i t r o g e n  bases  and summarizes t h e  promi- 
nent  s t r u c t u r a l  isomers. The b a s e  f r a c t i o n  from t h e  SRC so lvent  was less complex 
than  t h e  n i t rogen  bases  found i n  the  l i q u e f a c t i o n  o i l s ,  b u t  t h e  same p r i n c i p a l  
molecular  s p e c i e s  w e r e  found i n  both  samples. 

Therefore  quinol ine  and its a l k y l  

It could mean 

The q u a n t i t a t i v e  r e s u l t s  i n d i c a t e  t h a t  

To d a t e  d i r e c t  

F igure  5 g ives  

The presence of  hydroxyl groups i n  coal-der ived m a t e r i a l s  has  long been es tab-  
l i s h e d .  
t h e  t o t a l  oxygen. 
of  t h e  hydroxyl groups by an ion  exchange r e s i n  chromatography ( a c i d s )  o r  t h e  H C 1  
t rea tment  ( a c i d / n e u t r a l ) .  Once t h e  separation/concentration has  been made t h e  
sample is t r e a t e d  wi th  a d e r i v a t i z i n g  reagent  t o  form a t r i m e t h y l s i l y l  e t h e r ,  Ar-0- 
Si(CH3) 3 .  

It has  been shown t h a t  a l l  of t h e  hydroxyl  groups c o n t r i b u t i n g  t o  t h e  35906cm-l 
i n f r a r e d  band can be  q u a n t i t a t i v e l y  removed w i t h  t h e  d e r i v a t i z i n g  reagent .  The 
TMS e t h e r s  are next  examined by pro ton  NMR. The s i g n a l s  near  0 ppm r e p r e s e n t  t h e  
t r i m e t h y l s i l y l  (CH ) protons  from each of  t h e  hydroxyl d e r i v a t i v e s .  By i n t e g r a t -  
ing  t h e  a r e a  under3tze t o t a l  p ro ton  spectrum and a l lowing  f o r  t h e  9-fold i n t e n s i t y  
enhancement f o r  t h e  TMS area, t h e  percent  H as OH can be  c a l c u l a t e d .  Table  7 l i s t s  
some r e p r e s e n t a t i v e  de te rmina t ions  of hydroxyl conten t  from o i l s  and asphal tenes .  
The s i l y l  d e r i v a t i z a t i o n  q u a n t i t a t i o n  of hydroxyls  i n  asphalkenes has  been compared 

15 t o  t h e  i n f r a r e d  spec t roscopic  method of s tandard  a d d i t i o n s .  Our r e s u l t s  agreed 
t o  w i t h i n  10%. I n f r a r e d  d a t a ,  and t h o s e  from o t h e r s  working on similar f r a c t i o n s  
i n d i c a t e s  t h a t  t h e r e  is l i t t l e  i f  any carbonyl  oxygen (C=O) p r e s e n t  i n  c o a l  l ique-  
f a c t i o n  'products  produced i n  t h e  SYNTHOIL PDU. 
s t a n t i a l l y  a l l  of t h e  oxygen e x i s t s  as e i t h e r  hydroxyl (phenol ic  o r  b e n z y l i c )  o r  i n  
a n  e t h e r  l i n k a g e  (e.g. f u r a n ) .  

A u s e f u l  cor robora t ion  of t h e  NMR d a t a  and of  c h a r a c t e r i z i n g  t h e  a c i d  f r a c t i o n  of 
t h e  o i l s  is its mass spectrum b e f o r e  and a f t e r  TMS d e r i v a t i z a t i o n .  F igure  6 A and 
B shows t h e  a c i d  components from t h e  pentane s o l u b l e  o i l s  b e f o r e  and a f t e r  TMS 
d e r i v a t i z a t i o n ,  r e s p e c t i v e l y .  Note t h a t  t h e  mass peaks are s h i f t e d  72 amu t o  g i v e  
a n e a r l y  i d e n t i c a l  mass d i s t r i b u t i o n .  
pounds t h a t  d e f i n i t e l y  formed a TMS e t h e r .  From t h e  mass s p e c t r a l  d a t a  t h e r e  was 
a l s o  evidence f o r  trace amounts of indenol ,  naphthol  and phenanthrol  d e r i v a t i v e s .  

Our p r e s e n t  i n t e r e s t  is t o  d e f i n e  q u a n t i t a t i v e l y  t h e  OH as a percentage  of 
The s e p a r a t i o n  methods descr ibed  concent ra te  a high percentage  

Therefore ,  we conclude t h a t  sub- 

Table 8 lists those  hydroxyl  conta in ing  com- 
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Figure 1. Atom weight percent distribution of heteroatoms. 
A) Oils, B) Asphaltenes, C) Preasphaltenes, and 
D) Ash. 

Figure 2. Cas chromatogram of base fraction from a coal 
liquefaction product. Table 4 identifies major 
components. 
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Figure 5. Gas chromatogram of nitrogen bases from an SRC 
recycle solvent. 1) N-3 ring, e.g. acridine, 
2) methyl-N-3-ring, 3) azapyrene, 4)and 5) 
methylazapyrene. 
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Character izat ion of Coal Products 
by Mass Spectrometry 

H. E. Lumpkin and Thomas Aczel 

Exxon Research and Engineering Company, Baytown, Texas 

I. Introduct ion and Background 

In  s t u d i e s  on t h e  organic  chemistry of coa l ,  t h e  researcher ,  unfortunately,  
i s  unable t o  examine a complete coa l  molecule. 
analyze b i t s  and p ieces  of coa l  molecules produced by solvent  r e f i n i n g ,  l iquefac-  
t i o n ,  pyro lys i s ,  o r  ex t rac t ion .  Knowledge of t h e  composition of these pieces  helps  
i n  understanding t h e  organic  chemistry of coa l  and is v i t a l  f o r  t h e  development of 
c o a l  l iquefac t ion  processes  and t h e  f u r t h e r  upgrading of the  l i q u e f a c t i o n  products. 

He must ins tead  be content  to  

Mass spectrometry is t h e  prime technique used in our l a b o r a t o r i e s  (1.2) and 
i n  o ther  l a b o r a t o r i e s  (3) t o  determine t h e  composition of the  very complex mixtures 
der ived from coal .  
(MS) f o r  over 30 years .  
resolving power increased,  MS w a s  appl ied t o  higher  b o i l i n g  ranges and more complex 
mixtures. 
years  ago, we had well-developed instrumentat ion,  da ta  handling procedures, and 
q u a n t i t a t i v e  analyses  f o r  petroleum (6,7). 
products required only minor changes and extensions (8,9). 
descr ibe  some of t h e  MS procedures we use and give some t y p i c a l  examples of 
analyses. 

Petroleum f r a c t i o n s  have been analyzed by mass spectrometry 
As heated inlet systems evolved (4,5) and instrumental  

When research  i n  coal  l iquefac t ion  began i n  our l a b o r a t o r i e s  about 10 

Extension of these  techniques t o  coal 
I n  t h i s  paper we 

11. Equipment and Data Handling Procedures 

A very repea tab le  low reso lu t ion  instrument is  used f o r  streams i n  which t h e  
The unseparated naphtha boi l ing  major components have been previously i d e n t i f i e d .  

range, separated s a t u r a t e  f r a c t i o n s ,  and mid-boiling range samples (when d e t a i l e d  
knowledge of the  hetero-atom components i s  not required)  f a l l  i n  t h i s  category. 
For mid-boiling and high-boiling f r a c t i o n s  requi r ing  more complete breakdown of 
aromatic, hydroaromatic, and aromatic hetero-compounds, spec t ra  a r e  obtained on a 
high-resolut ion double focusing instrument. 

Both of t h e  instruments  a r e  automated. A d i g i t a l  readout system senses  
peaks and converts analog signals t o  d i g i t a l  s i g n a l s ,  records d i g i t a l  da ta  on 
pr in ted  paper tape  and on magnetic tape, and a l a r g e r  computer reads t h e  data  
from the  magnetic tape  and f u r t h e r  processes i t  employing propr ie ta ry  computer 
programs. A l i s t  of t h e  equipment i s  shown below: 

Item Manufacturer Model 

111. 

Low Resolutibn MS Consolidated Electrodynamics Corp. 21-103C 
High Resolution MS Associated E l e c t r i c a l  I n d u s t r i e s ,  Ltd. E 5 0  
MS Readout System Cohmbia S c i e n t i f i c  I n d u s t r i e s  (31-260 
P r i n t e r  Mohawk Data Systems 2016 
Computer I n t e r n a t i o n a l  Business Machines 370 

Methods and Resul ts  

A. Naphtha Boil ing Range 

High ion iz ing  vol tage ,  low reso lu t ion  spec t ra  a r e  adequate t o  determine 
p a r a f f i n s ,  naphthenes, 2-ring naphthenes, C g - C l l  benzenes, Cg-Clo indanes and 
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t e t r a l i n s ,  Cg-Clo indenes,  C1o-C11 naphthalenes, and C10-Cl2 phenols i n  the  C5 
t o  450'F boi l ing  range. 
of pure compounds and assembled i n  a 20 component matr ix .  
given i n  Table I. 

The c a l i b r a t i o n  da ta  were der ived pr imari ly  from scans 
A summary a n a l y s i s  is 

Table  I 

Component W t  .% 

T o t a l  S a t u r a t e s  
T o t a l  Benzenes 
Indanes /Tet ra l ins  
Indenes 
Naphthalenes 
T o t a l  Phenols 7.1 

Tot a 1  100.0 

76.6 
13.9 

2.3 
0.1 
0.0 

W t  .Pct. Carbon 
Wt.Pct. Hydrogen 
W t  .Pct. Oxygen 

85.80 
13.09 
1.11 

With some assumptions regard ing  the  molecular weight d i s t r i b u t i o n s  of t h e  p a r a f f i n s  
and naphthenes, a u s e f u l  elemental a n a l y s i s  can be r e a d i l y  calculated.  

Occasionally more d e t a i l e d  da ta  f o r  t h e  s a t u r a t e d  components i s  des i rab le .  
A 42 component combined MS and gas chromatographic procedure determines t h e  
aromatic  and phenolic components l i s t e d  previously and fur ther  breaks down t h e  
p a r a f f i n s  i n t o  i so-  and normal types by carbon number and the  naphthenes i n t o  
cyclohexanes and cyclopentanes by carbon number. 
from pure compounds and from concent ra tes  separated by molecular s i e v e  and gas  
chromatography. 

B. 

Fract ions b o i l i n g  above t h e  naphtha range can be separated i n t o  s a t u r a t e ,  

Cal ibra t ion  data  were obtained 

Higher Bo i l ing  Range Sa tura te  Frac t ion  

aromatic ,  and polar  f r a c t i o n s  employing a modified vers ion of the clay-gel 
adsorp t ion  chromatographic method, ASTM D-2007. The s a t u r a t e  f r a c t i o n  is 
analyzed by the  high i o n i z i n g  vol tage  MS method, ASTM D-2786. A t y p i c a l  a n a l y s i s  
of a 430-950'F s a t u r a t e  f r a c t i o n  from a Synthoi l  product (10) is given i n  Table 11. 

Table I1 

W t . X  Compound Type - 
P a r a f f i n s  
1-Ring Naphthenes 
2-Ring Naphthenes 
3-Ring Naphthenes 
4-Ring Naphthenes 
5-Ring Naphthenes 
6-Ring Naphthenes 
Monoaroma t i c s  

34.2 
18.4 
16.3 
14.6 
10.3 

3.0 
1.1 
2.1 

Normal p a r a f f i n s  genera l ly  comprise t h e  major p a r t ,  80-90%. of the  t o t a l  
p a r a f f i n s  i n  coa l  l i q u e f a c t i o n  products and a l e s s e r  p a r t  i n  coa l  e x t r a c t s .  
a s p l i t  between iso-  and normal-paraffins is des i red ,  gas  chromatography r a t h e r  
than  mass spectrometry is  normally the  method of preference i n  higher b o i l i n g  

When 
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f r a c t i o n s .  I so-paraf f ins  a r e  n o t  u s u a l l y  i d e n t i f i e d .  However, we have r e c e n t l y  
i d e n t i f i e d  t h e  isoprenoid p a r a f f i n s  p r i s t a n e ,  2, 6, 10, 14-tetramethyl pentadecane, 
and phytane, 2 ,  6, 10, 14-tetramethyl hexadecane i n  c o a l  e x t r a c t s  and l i q u e f a c t i o n  
products. 
corroborated by MS (10). 

These components w e r e  separa ted  and i d e n t i f i e d  by gas chromatography, 

Isoprenoid p a r a f f i n s  a r e  used i n  organic  geochemistry t o  group oils i n t o  
"families" (11). It i s  p o s s i b l e  that coa ls  from d i f f e r e n t  seams o r  d e p o s i t s  might 
be  d i f f e r e n t i a t e d  by t h e  r e l a t i v e  r a t i o s  of these  i soprenoids  or by t h e  isoprenoid 
t o  n-paraff in  r a t i o .  P r i s t a n e  i s  thought t o  be der ived from t h e  d i t e r p e n i c  a lcohol  
phytol  (12), t h a t .  comprises about 30% of t h e  ch lorophyl l  molecule, and i t s  presence 
and concentrat ion might be r e l a t e d  t o  t h e  environment of t h e  marsh i n  which a 
p a r t i c u l a r  c o a l  bed OK seam w a s  formed. 

C. 

I f  da ta  on t h e  s a t u r a t e  por t ion  a r e  not  requi red ,  t h e  aromatic and polar  

Higher Boi l ing Range Aromatic and Polar  Frac t ions  

aromatic  components a r e  determined on t h e  unseparated sample. 
a high reso lu t ion  instrument  operated i n  t h e  low ioniz ing  vol tage  mode (13). The 
same procedure can be appl ied  t o  separa ted  aromatic  and polar  f r a c t i o n s ,  and t h i s  
is prefer red  i f  t h e r e  is a s i g n i f i c a n t  concent ra t ion  of p o l a r  components. 

This is done with 

With low i o n i z i n g  vol tage  e l e c t r o n s  only  those  components conta in ing  double 
bonds, such a s  aromatics  and o l e f i n s ,  a r e  ionized and only t h e  molecular ion is 
produced. Thus, t h e  s p e c t r a ,  t h e  s p e c t r a l  i n t e r p r e t a t i o n ,  and t h e  c a l i b r a t i o n  
d a t a  a r e  s impl i f ied ,  as t h e r e  i s  no i n t e r f e r e n c e  between components. 

A f u l l  d i scuss ion  of high r e s o l u t i o n  mass spectrometry is beyond t h e  scope 
of t h i s  paper, so t h e  technique w i l l  be  descr ibed here  only b r i e f l y .  Di f fe ren t  
combinations t o  form molecules of t h e  atomic s p e c i e s  found i n  c o a l  products  w i l l  
have d i f f e r e n t  molecular weights. For example, from t h e  atomic weights of the  
most abundant spec ies  given below one c a l c u l a t e s  t h e  molecular weight of methyl 

Atomic Species  Atomic Weight 

Carbon 12.000 
Hydrogen 1.0078 
Oxygen 15.9949 
Nitrogen 14.0031 
Sul fur  31.9721 

acenaphthene, C13H12, t o  be 168.0939, and t h e  molecular weight of dibenzofuran, 
C12H80, to  be 168.0575. The high r e s o l u t i o n  MS reso lves  these  two peaks having 
t h e  same nominal molecular weight and t h e  reso lv ing  power required i s  4615 
(Mass/AMass = 168/0.0346 = 4615). 
power t o  separa te ,  p a r t i c u l a r l y  those  conta in ing  n i t rogen  o r  s u l f u r  (14). 
MS and i t s  a u x i l i a r y  apparatus  must a l s o  provide d a t a  from which p r e c i s e  mass 
measurements can be ca lcu la ted .  
i n  a repea tab le logar i thmic  scanof  t h e  s p e c t r a  and by introducing compounds having 
peaks a t  known masses, t h e  masses of t h e  sample peaks can be determined very 
prec ise ly ,  and t h e  mass determines t h e  molecular formula. 

Other molecules r e q u i r e  even g r e a t e r  reso lv ing  
The 

By measuring t h e  time a t  which each peak occurs  

The scheme w e  u s e  from mass spectrometer  t o  f i n a l  q u a n t i t a t i v e  a n a l y s i s  is 
given i n  t h e  d a t a  flow scheme shown below. The MS, MS readout system, p r i n t e r ,  
computer, computer programs, and people a r e  required.  
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Sample and re ference  compounds charged t o  high r e s o l u t i o n  MS 

Peak h e i g h t s  and - times pr in ted  Peak height  and times 
w r i t t e n  on mag tape on paper t a p e  

Reference peak t i m e s  recognized Mag t a p e  read and cards  
and cards  punched by hand punched by computer 

Cards read ,  masses calculated, 'molecular formulas ass igned,  
output  p r i n t e d ,  cards  punched by computer 

h + 

4 
Formulas checked and c o r r e c t i o n  c a r d s  punched by hand 

Cards read ,  q u a n t i t a t i v e  ana lys i s ,  average molecular weight, 
carbon number, and r i n g  d i s t r i b u t i o n s ,  e lemental  analyses ,  
d i s t i l l a t i o n  c h a r a c t e r i s t i c s ,  p red ic ted  composition of 
narrow c u t s  ca lcu la ted  and p r i n t e d  by computer. 

The m o s t  d e t a i l e d  information ca lcu la ted  from t h e  high reso lu t ion  s p e c t r a  is 
t h e  q u a n t i t a t i v e  amount of each compound type  a t  each carbon number. This  tabula- 
t i o n  is pr in ted  on 6 pages, 50 rows and 12 columns per  page. 
than  most engineers  c a r e  t o  examine; therefore ,  summary t ab le s ,  d i s t r i b u t i o n s ,  and 
o t h e r  items are c a l c u l a t e d  from t h e s e  d e t a i l e d  d a t a .  
type  summary of a S y n t h o i l  product (10) are given i n  Table 111. This is  t h e  
i n i t i a l  summary made from t h e  d e t a i l e d  da t a .  

This is  more da t a  

Excerpts from t h e  compound 

Tabla I11 

Average Average C Atoms i n  
Compound Type W t . %  Mol.Wt. Carbon No. Sidechains 

Alkyl Benzenes 1.74 160.8 ' 11.9 5.9 
Naphthalenes 11.02 176.4 13.5 3.5 
Dibenzothiophenes 0.33 210.9 13.9 1.9 
Fluorenothiophenes 0.16 241.2 16.4 2.4 
Benzofurans 0.56 210.9 14.6 6.6 
Dibenzofurans 2.55 255.0 16.1 4.1 

The d i s t r i b u t i o n  of aromatic  r i n g s  i s  a f u r t h e r  summary which may be of 
v a l u e  i n  r e f i n i n g  o f  coal products. The r i n g  d i s t r i b u t i o n  f o r  t h e  same product 
of Table  111 is shown in Table I V  normalized t o  loo%, but t h e  program also 
c a l c u l a t e s  and p r i n t s  t h e  same d i s t r i b u t i o n  normalized t o  t h e  percent aromatics 
i n  t h e  sample. 

Table I V  

Hydrocarbons Sul fur  Comp. Oxygen Comp. Tota ls  

Nonaromat i c s  0.0 0.144 0.0 0.144 
1 Ring Aroms 20.960 0.517 2.235 23.712 
2 Ring Aroms 36.919 0.611 3.465 40.996 
3 Ring Aroms 15.644 0.153 2.202 17.999 
4 Ring Aroms 12.388 0.067 1.470 13.925 
5 Ring Aroms 1.997 0.020 0.208 2.225 
6 Ring Aroms 0.856 0.084 0.940 
7+ Ring Aroms 0.068 0.068 

Tota ls  88.832 1.512 9.664 100.008 
- - 
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Addit ional  ca lcu la ted  items, such as d i s t i l l a t i o n  c h a r a c t e r i s t i c s  (15) ,  can 
be of g r e a t  value t o  a researcher .  I f  t h e r e  i s  i n s u f f i c i e n t  sample a v a i l a b l e  fo r  
a c t u a l  d i s t i l l a t i o n ,  s a y  from a bench-scale experiment, a few mil l igrams w i l l  
s u f f i c e  f o r  a high r e s o l u t i o n  MS run. The ca lcu la ted  MS values ,  GC d i s t i l l a t i o n ,  
and 15/5 d i s t i l l a t i o n  are i n  good agreement. 

The same high r e s o l u t i o n  scheme can a l s o  be appl ied t o  t h e  polar  f r a c t i o n s  
from the  clay-gel separa t ion .  But t h e  a n a l y s i s  of po lars  can become very 
tedious - t h e  composition is much more complex as t h e  p o l a r s  conta in  many of 
t h e  same hydrocarbon s p e c i e s  a s  t h e  aromatic  f r a c t i o n s  i n  addi t ion  t o  the  polar  
hetero-aromatic oxygen, n i t rogen ,  and s u l f u r  compounds. I n  addi t ion ,  our computer 
programs f o r  some of these  c l a s s e s  of components are not  y e t  f u l l y  i n t e g r a t e d  i n t o  
t h e  f i n a l  q u a n t i t a t i v e  a n a l y s i s  program, and s e p a r a t e  programs must be run  and t h e  
r e s u l t s  meshed. An i n d i c a t i o n  of t h e  complexity of t h e  polar  components i n  c o a l  
products i s  provided by a very  small por t ion  of s p e c t r a  of t h e  p o l a r  f a c t i o n  of a 
Synthoi l  product given i n  Table V, i n  which some t y p i c a l  m u l t i p l e t s  resolved by 
t h e  high r e s o l u t i o n  MS are shown. The d a t a  were obtained a t  a reso lv ing  power of 
about 40,000. 

Table V 
General 

Mass Formula I n t e n s i t y  Formula Poss ib le  S t r u c t u r e  -~ 
254.0764 C16H14S0 230 CnH2n-18S0 C -Hydroxythiophenoacenaphthene 

254.1306 C17H1802 822 CnH2n-1602 C -Dihydroxyfluorene 

254.1671 Cr8Hz20 

381.1517 CZ9Hl9N 337 CnH2n-39N C2-Dibenzoperylenide 

381.1729 C26H23N02 219 CnH2n-29N02 C5-Dihydroxybenzochrysenide 

381.2092 C27H27N0 363 CnH2n-27N0 C -Hydroxydibenzcarbazole 

2 

4 
511 CnH2n-140 C -Hydroxyacenaphthene 6 

7 
267 CnH2n-25N C -Chloranthr idine 9 
110 CnH2n-420 C -Hydroxybenzocoronene 2 

5 

6 

381.2456 C28H31N 

394.1357 C30H180 

394.1569 C27H2203 225 CnH2n-3203 C -Trihydroxybenzoperylene 

394.1933 C28H2602 275 CnH2n-3002 C -Dihydroxybenzochrysene 

394.2295 C29H300 507 CnH2n-280 Cg-Hydroxybenzopyrene 

111. Conclusions 

The n a t i o n a l  need t o  develop l i q u i d  f u e l s  from coa l  t o  augment diminishing 
petroleum f u e l s  i s  a chal lenge t o  t h e  c o a l  chemist. Analy t ica l  c h a r a c t e r i z a t i o n  
of these  c o a l  l i q u i d s  is  a chal lenge t o  t h e  a n a l y t i c a l  chemist. We b e l i e v e  t h a t  
mass spectrometry, both low r e s o l u t i o n  and high reso lu t ion ,  p lays  an important 
r o l e  i n  responding t o  t h i s  chal lenge,  and have given examples of t h e  a p p l i c a t i o n  
of t h e  technique t o  var ious  c o a l  product samples. 

More d e t a i l e d  information on t h e  use  of high r e s o l u t i o n  mass spectrometry 
t o  analyze hetero-compounds i n  coa l  e x t r a c t s  and l i q u e f a c t i o n  products  is  given 
i n  our paper i n  t h e  "Symposium on Refining of Coal and Shale Liquids," Div is ion  
of Petroleum Chemistry, Nat ional  ACS meeting, Chicago, 1977. 
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FIELD IONIZATION AND FIELD DESORPTION MASS SPECTROMETRY 
APPLIED TO COAL RESEARCH 

G. A. S t .  John,  S. E .  B u t t r i l l ,  Jr .  and M .  Anbar 

Stanford Research I n s t i t u t e  

Menlo Park ,  C a l i f o r n i a  94025 
Mass Spectrometry Research Center  

Mass spectrometry o f f e r s  a unique way t o  c h a r a c t e r i z e  c o a l  l i q u e f a c t i o n  products .  
Molecular  weight p r o f i l e s  of such complex mixtures  of organic  m a t e r i a l s  may be 
considered a s  t h e  f i r s t  s t e p  i n  t h e  unders tanding  of t h e i r  n a t u r e  i n  molecular  terms. 
Molecular  weight p r o f i l e s  may be produced by nonfragmenting mass spec t romet ry ,  which 
almost  e x c l u s i v e l y  y i e l d s  molecular  ions .  F i e l d  i o n i z a t i o n  produces molecular  i o n s  
from most organic  compounds (1). When a complex mixture  is analyzed by t h i s  mass 
spec t romet r ic  technique ,  w e  o b t a i n  a s i n g l e  peak f o r  each c o n s t i t u e n t  o r  fo r  a group 
of c o n s t i t u e n t s  t h a t  s h a r e s  t h e  same nominal molecular  weight .  By repea ted  mul t i -  
scanning,  we can o b t a i n  a q u a n t i t a t i v e  molecular  weight p r o f i l e  of complex mixtures  ( 2 ) .  

The d e t a i l e d  molecular  weight p r o f i l e s  a t t a i n a b l e  by f i e l d  i o n i z a t i o n  mass 
spectrometry a r e  much more informat ive  than  molecular  weight p r o f i l e s  ob ta ined  by 
g c l  permeation chromatography (GPC). Moreover, GPC is s u b j e c t  to  a r t i f a c t s  caused 
by a s s o c i a t i o n s  of s o l u t e s  or by so lu te -so lvent  complex formations.  The average 
molecular  weight p r o f i l e s  obtained by vapor phase osmosis (VPO) c o n t a i n  minimal 
chemical information and a r e  u s e f u l  mainly i n  conjunct ion  wi th  p r i o r  chromatographic  
s e p a r a t i o n .  The c o s t  p e r  mass s p e c t r o m e t r i c  a n a l y s i s  i s  h i g h e r  t h a n  by t h e s e  t w o  
techniques ,  bu t  t h e  information obta ined  on each i n d i v i d u a l  c o n s t i t u e n t  or group 
of c o n s t i t u e n t s  would c o s t  much more i f  obtained s e p a r a t e l y  by o t h e r  techniques .  
The advantage of t h e  mass s p e c t r o m e t r i c  technique  i s  its u n i v e r s a l i t y ;  for t h e  
same sample, t h e  same molecular  weight p r o f i l e  w i l l  be  obta ined  by d i f f e r e n t  
i n v e s t i g a t o r s  using d i f f e r e n t  mass spec t rometers .  

Low energy e l e c t r o n  impact i o n i z a t i o n ,  which induces  r e l a t i v e l y  l i t t l e  
fragmentat ion,  has  been proposed a s  an a p p r o p r i a t e  a l t e r n a t i v e  technique  f o r  t h e  
a n a l y s i s  of complex organic  mixtures  (3,4) i n c l u d i n g  f u e l s ( 5 ) .  However, an e x c e l l e n t  
sys temat ic  s tudy by Scheppele e t  a 1  (6), has  shown t h a t  f i e l d  i o n i z a t i o n  i s  by 
f a r  s u p e r i o r  f o r  t h i s  purpose. This  r e c e n t  s tudy has  shown t h a t  t h e  r e l a t i v e  
i o n i z a t i o n  e f f i c i e n c i e s  by f i e l d  i o n i z a t i o n  of many d i f f e r e n t  c l a s s e s  of organic  
compounds a r e  very s i m i l a r ,  ranging  only  over  a f a c t o r  of t w o .  T h i s  can be  compared 
wi th  a range of  over  a n  o r d e r  of magnitude f o r  low energy e l e c t r o n  impact on the  
same s u b s t r a t e s .  Moreover, it was shown (6) t h a t  once c o r r e c t e d  f o r  t h e  small 
d i f f e r e n c e s  i n  i o n i z a t i o n  e f f i c i e n c i e s ,  which can be programmed and c a l c u l a t e d  
f o r  known homologous s e r i e s ,  t h e  a n a l y s i s  of complex mixtures ,  l i k e  f u e l s ,  can  
produce q u a n t i t a t i v e  r e s u l t s  wi th  a s i g n i f i c a n t l y  lower var iance  t h a n  o b t a i n a b l e  

wi th  l o w  energy e l e c t r o n  impact ,  fo l lowing  an i d e n t i c a l  computat ional  c o r r e c t i o n .  

-- 
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Without such a c o r r e c t i o n ,  when d e a l i n g  with unknown c o n s t i t u e n t s ,  f i e l d  i o n i z a t i o n  
i s  by f a r  a s u p e r i o r  t echn ique  for o b t a i n i n g  semiquan t i t a t ive  information on t h e  
composition of h i g h l y  complex mix tu re .  

F i e l d  i o n i z a t i o n  is f a c i l i t a t e d  by t h e  high f i e l d  g rad ien t  t h a t  can be produced 
with ve ry  high c u r v a t u r e s .  
r e q u i r e s  less than  1000 V to  produce f i e l d  i o n i z a t i o n .  Such a c o n f i g u r a t i o n  i s  read i ly  
a t t a i n a b l e  i n  a r ep roduc ib le  manner by the a p p r o p r i a t e  technology. A t  SRI, we have 
developed a novel f i e l d  i o n i z a t i o n  source ,  t h e  p r e a c t i v a t e d  f o i l  s l i t  type source (7). 
Th i s  source i s  s u p e r i o r  t o  t h e  now c l a s s i c a l  SRI mul t ipo in t  source ( 2 , 8 )  because of 
i t s  lower s e n s i t i v i t y  t o  d e a c t i v a t i o n  i n  t h e  presence of oxygen-, s u l f u r - ,  or halogen- 
c o n t a i n i n g  compounds. The new source comprises an  a c t i v a t e d  tantalum f o i l  on which 
carbonaceous d e n d r i t e s  are' depos i t ed  from pyr id ine  vapor  a t  h igh  temperature  under a 
high e l e c t r o s t a t i c  f i e l d  (7). 

A cathode with a r a d i u s  of cu rva tu re  of about 0.1 LL 

The mass a n a l y z e r  used by u s  f o r  multicomponent a n a l y s i s  i s  a 60' s e c t o r ,  25 cm 
instrument  and h a s  been desc r ibed  before  (9 ) .  The temperature  of t h e  sample can be 
c o n t r o l l e d  independent ly  of t h e  temperature  o f  t h e  source.  The temperature  of the 
sou rce  is  maintained c o n s t a n t  and h ighe r  t han  t h e  maximum temperature  t h e  sample i s  
sub jec t ed  t o ;  t h i s  p r e v e n t s  memory e f f e c t s  and r e s u l t s  i n  more c o n t r o l l e d  i o n i z a t i o n  
cond i t ions .  
handle  thermally s t a b l e  compounds of very low v o l a t i l i t y  (9 ) .  

T h i s  i o n i z a t i o n  source ,  which may be ope ra t ed  up t o  4OO0C, may t h u s  

The i o n i z a t i o n  e f f i c i e n c y  of our sources  is 5 x or h i g h e r ,  (10) which i s  
comparable t o  t h a t  of advanced e l e c t r o n  impact sou rces .  However, owing t o  t h e  
r e l a t i v e l y  l a r g e  a r e a  of our  i o n i z a t i o n  source,  t he  high energy of t h e  i o n s  produced, 
and t h e i r  d ive rgence ,  less t h a n  of t h e  i o n s  produced a r e  d e t e c t e d  a f t e r  mass 
s e p a r a t i o n .  The o v e r a l l  e f f i c i e n c y  o f  t he  p re sen t  gene ra t ion  of f i e l d  i o n i z a t i o n  mass 
spectrometers  i s  about  2 x ions/molecule f o r  i n s t rumen t s  with a magnetic s e c t o r  
a n a l y z e r  and a r e s o l u t i o n  of 700. 

S ince  most o r g a n i c  compounds have s i m i l a r  f i e l d  i o n i z a t i o n  e f f i c i e n c i e s  ( 6 ) ,  the 
. molecular  weight p r o f i l e  ob ta ined  by i n t e g r a t i n g  a l l  t h e  s p e c t r a  while  evapora t ing  

t h e  sample t o  complet ion t r u l y  r e p r e s e n t s  t h e  composition o f  t h e  mixture .  A number 
of examples of molecu la r  weight  p r o f i l e s  of d i f f e r e n t  coa l  l i q u e f a c t i o n  products  
have been p resen ted  e l sewhere  ( 9 ) .  These s p e c t r a  were ob ta ined  on o u r  mass spectrome- 
t r i c  system before it was i n t e r f a c e d  with a PDP-11 computer. I n  t h i s  mode of 
o p e r a t i o n ,  t h e  mass r ange  of interest was scanned r epea ted ly  and synchronized with a 
4096-multichannel a n a l y z e r  o p e r a t i n g  i n  the  m u l t i s c a l e r  mode ( 8 ) .  The instrument  
i n t e g r a t e s  t h e  s p e c t r a  produced i n  each scan i n t o  a composite mass spectrum. The 
i n t e g r a t i o n  over  time is necessa ry  because t h e  sample i s  evaporated slowly and the  
composition of t h e  vapor  phase changes because o f  t h e  wide range of v o l a t i l i t y  of 
the d i f f e r e n t  components. This f i e l d  i o n i z a t i o n  mass spec t romet r i c  system t h u s  
f a c i l i t a t e s  t h e  q u a n t i t a t i v e  a n a l y s i s  o f  molecular  weight p r o f i l e s  of mix tu res  t h a t  
may c o n t a i n  c o n s t i t u e n t s  va ry ing  i n  t h e i r  vapor p re s su re  by many o r d e r s  of magnitude 
( e s t ima ted  range, 10") ove r  a mass range up t o  2000 amu wi th  a r e s o l u t i o n  o f  M/AM 
= 800. 
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Computer Con t ro l l ed  F I  Multicomponent Ana lys i s  

The publ ished f i e l d  i o n i z a t i o n  s p e c t r a  of c o a l  l i q u e f a c t i o n  p roduc t s  (9)  a r e  
j u s t  t h e  f i r s t  s t e p  i n  t h e  f u l l  u t i l i z a t i o n  of f i e l d  i o n i z a t i o n  mass spec t romet r i c  
multicomponent a n a l y s i s .  
a l though t h e  information i n  each  channel  i s  d i g i t i z e d ,  t h e s e  s p e c t r a  g i v e  US on ly  a 
means o f  v i s u a l  i n s p e c t i o n  of t h e  gross f e a t u r e  of t h e  s p e c t r a .  Accurate  mass 
assignment and t h e  i n t e g r a t e d  ion  coun t s  under  each peak a r e  l a c k i n g ,  and these  a r e  
necessary f o r  any d e t a i l e d  q u a n t i t a t i v e  i n t e r p r e t a t i o n  of t h e s e  complex Spec t r a .  

These a r e  c h a r t  r eco rd ings  from a 4096-channel ana lyze r  and, 

W e  would a l s o  l i k e  t o  know t h e  "h i s to ry"  of each peak--the a c t u a l  r a t e  Of 

accumulation of t h e  i o n s  of a given nominal molecular  weight a s  a f u n c t i o n  Of t i m e  
and temperature  of t he  analyzed sample. This information i s  necessary f o r  e s t ima t ing  
t h e  number of m a t e r i a l s  of t h e  same nominal molecular  weight t h a t  c o n t r i b u t e d  t o  a 
given peak. Moreover, from t h e  temperature  p r o f i l e  o f  a given peak, it may be 
p o s s i b l e  t o  deduce whether some of t h e  c o n t r i b u t i n g  i o n s  o r i g i n a t e  from a chemical 
p rocess  ( e .g . ,  p y r o l y s i s ,  dehydrogenat ion)  t h a t  took p l a c e  i n  t h e  sample while t he  
sample probe was being hea ted .  Obtaining,  f o r  i n s t a n c e ,  a m a t e r i a l  w i th  a molecular  
weight of only 150 when t h e  probe temperature  r eaches  3OO0C sugges t s  t h a t  it may be a 
secondary p y r o l y t i c  decomposi t ion product .  The temperature  p r o f i l e  a n a l y s i s  may help 
u s  t o  d i s t i n g u i s h  between t h e s e  two p o s s i b i l i t i e s  and even determine t h e  a c t i v a t i o n  
energy f o r  t h e  appearance o f  t h e  given s p e c i e s .  

To achieve t h e s e  goa l s ,  w e  have i n t e r f a c e d  ou r  mass spec t romet r i c  system wi th  
a PDP 11/10 ded ica t ed  computer (Fig.  1 ) .  The computer c o n t r o l s  t h e  magnet s can  of 
t h e  mass spectrometer  by means o f  t h e  12-bi t  d ig i t a l - to -ana log  c o n v e r t e r  (DAC). The 
d a t a  a c q u i s i t i o n  program increments  t h e  i n p u t  t o  t h e  DAC a t  p r e c i s e l y  c o n t r o l l e d  
t i m e  i n t e r v a l s  so t h a t  each  channel  i s  r e c e i v i n g  i o n s  counted f o r  e x a c t l y  t h e  same 
amount of t ime. A t  t h e  end o f  each  t i m e  i n t e r v a l ,  t h e  computer causes  t h e  ion 
coun t s  accumulated by t h e  10-MHz c o u n t e r  t o  be t r a n s f e r r e d  t o  t h e  1 2 - b i t  b u f f e r  
r e g i s t e r .  The coun te r  i s  c l e a r e d  and r e s t a r t e d  i n  less than  one microsecond, so 
t h e  i n t e r f a c e  h a s  a n e g l i g i b l e  dead-time and no i o n  c o u n t s  a r e  missed. The DAC input  
i s  incremented by one u n i t ,  and t h e  i o n  count  i n  t h e  b u f f e r  i s  t r a n s f e r r e d  t o  t h e  
computer and added t o  the p rev ious  i o n  c o u n t s  f o r  t h a t  channel .  The t i m e  spen t  a t  
each channel ,  or i n  o t h e r  words, t h e  scan  r a t e  of t h e  mass spec t romete r ,  i s  v a r i a b l e  
and i s  c o n t r o l l e d  by t h e  o p e r a t o r  through t h e  d a t a  a c q u i s i t i o n  so f tware .  Actual  
t i m e  i n t e r v a l s  a r e  measured w i t h i n  t h e  computer by a programmable c l o c k  based on a 
very s t a b l e  q u a r t z  c r y s t a l  o s c i l l a t o r .  

The output  from t h e  DAC is  a l i n e a r  v o l t a g e  ramp, s i n c e  each  of the.'4096 
p o s s i b l e  channels  i s  a c t i v e  f o r  an  equa l  amount of time. Since t h e  mass of t h e  i o n s  
foaused on t h e  mass spec t romete r ' s  d e t e c t o r  v a r i e s  a s  t h e  squa re  r o o t  of t h e  
magnet c u r r e n t ,  t h e  magnet scan c o n t r o l  u n i t  i s  used t o  conve r t  t h e  l i n e a r  vo l t age  
ramp i n t o  a s i g n a l  t h a t  d r i v e s  t h e  magnet power supply t o  produce a l i n e a r  mass scan. 

The 12-bi t  ana log - to -d ig i t a l  c o n v e r t e r  (ADC) i s  connected t o  a temperature  
programmer f o r  t h e  s o l i d s  probe. A t  t h e  end o f  each mass spectrometer  scan,  t h e  
temperature  of t h e  probe i s  recorded f o r  l a t e r  u se  i n  t h e  p r i n t e d  r e p o r t s  o r  d a t a  
a n a l y s i s .  
program can be very p r e c i s e l y  reproduced t o  a l low meaningful comparisons between 
samples. Our experience i n d i c a t e s  t h a t  most pure compounds a r e  v o l a t i l i z e d  ove r  a 
narrow temperature  range of 10-30°C. 

Since t h e  temperature  programmer is d i g i t a l l y  d r i v e n ,  a given temperature  

Thus, s e p a r a t e  peaks w i l l  be observed i n  
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t h e  temperature  p r o f i l e  of a S i n g l e  mass i f  t h e r e  i s  more than  one component of t h e  
sample wi th  t h a t  p a r t i c u l a r  molecular  weight .  I t  is p o s s i b l e  t o  d i s t i n g u i s h  between 
genuine low molecular  weight  components of a sample and those  r e s u l t i n g  from t h e  
thermal  decomposition of much. la rger  molecules  because t h e s e  two d i f f e r e n t  t y p e s  of 
s p e c i e s  appear  a t  very d i f f e r e n t  temperatures .  Our experiments  show no i n d i c a t i o n  
of s i g n i f i c a n t  p y r o l y s i s  of Coal l i q u e f a c t i o n  products  or of c rude  o i l s .  

The r e p o r t  program produces r e p o r t s  l i s t i n g  t h e  masses and t o t a l  i o n  counts  
f o r  each  peak i n  t h e  spectrum. Two d i f f e r e n t  formats  a r e  a v a i l a b l e !  one i s  a 
simple t a b l e  of t h e  peak mass and i n t e n s i t y ,  and t h e  o t h e r  i s  t h e  same informat ion  
a r ranged  i n  a f i x e d  format  with 14  masses i n  each row. The advantage of t h i s  second 
format i s  t h a t  homologs a r e  a l l  l i s t e d  i n  t h e  same column, making it easy  t o  p i c k  
o u t  groups of peaks t h a t  may have s i m i l a r  chemical s t r u c t u r e s .  

The p l o t t i n g  program produces s imple b a r  graphs of t h e  mass s p e c t r a  on t h e  
X-Y recorder .  F u l l - s c a l e  i n t e n s i t y  is a r b i t r a r i l y  chosen a s  50 and t h e  e n t i r e  
spectrum is  a u t o m a t i c a l l y  s c a l e d ,  i f  necessary ,  by d i v i d i n g  a l l  peak i n t e n s i t i e s  
by an i n t e g e r .  F igure  2 i s  an  example of a spectrum p l o t  ob ta ined  i n  t h i s  manner. 
These s p e c t r a  a r e  e v i d e n t l y  s u p e r i o r  i n  q u a l i t y  t o  t h o s e  obta ined  wi th  t h e  mult i -  
channel  ana lyzers  (9). 

Addi t iona l  programs are a v a i l a b l e  f o r  performing s imple b u t  u s e f u l  d a t a  handl ing  
t a s k s .  These inc lude  programs f o r  l i s t i n g  on t h e  te rmina l  t h e  i o n  counts  i n  each  
channel  of a raw d a t a  f i l e  and a Program f o r  SUmIIing t h e  d a t a  i n  s e v e r a l  f i l e s  i n t o  
a composite spectrum. The l a t t e r  program i s  u s e f u l  f o r  o b t a i n i n g  t h e  molecular  
weight p r o f i l e  of a complex multicomponent mixture  by adding t o g e t h e r  a l l  the  
s p e c t r a  obtained from a sample. 

Addi t iona l  examples of t h e  types  of in format ion  c u r r e n t l y  a v a i l a b l e  from t h e  
combination of FIMS and t h e  PDP 11/10 computer a r e  shown i n  F i g s .  3a and 3b. The 
sample was f r a c t i o n s  1 and 2 of b a s i c  compounds from an H-coal product  and was 
provided t o  u s  by t h e  A t l a n t i c  R i c h f i e l d  Company. The e v o l u t i o n  of t h i s  spectrum a s  
a f u n c t i o n  of tempera ture  i s  presented  i n  F igs .  3a and 3b. T h i s  f i g u r e  p r e s e n t s  the  
p l o t t e d  spec t ra  i n t e g r a t e d  w i t h i n  t h e  d i f f e r e n t  temperature  ranges d u r i n g  the  
evapora t ion  of a s i n g l e  sample. 

The f i r s t  t h r e e  s p e c t r a  i n  F igure  3a show v o l a t i l e  components of t h e  sample 
t h a t  came off as soon a s  t h e  sample was introduced i n t o  t h e  mass spec t rometer .  When 
t h e  s i g n a l  produced by t h e s e  v o l a t i l e  m a t e r i a l s  began t o  d e c r e a s e ,  t h e  o p e r a t o r  
s t a r t e d  t h e  temperature  program, h e a t i n g  t h e  sample a t  about  2OC per  minute. 
h e a t i n g  r a t e  was i n c r e a s e d  twice  d u r i n g  t h e  run t o  main ta in  a reasonably high 
s i g n a l  a s  the less v o l a t i l e  components were being ana lyzed .  F i n a l l y ,  t h r e e  s p e c t r a  
were recorded a t  325OC, (Figure 3b)  which was t h e  f i n a l  probe temperature  f o r  t h i s  
sample. Weighing t h e  sample before  and a f t e r  a n a l y s i s  showed t h a t  94% of t h i s  
m a t e r i a l  was v o l a t i l i z e d .  

The 

These r e s u l t s  i l l u s t r a t e  t h e  v a s t  amount of in format ion  t o  be obta ined  by 
combining chemical s e p a r a t i o n s  wi th  nonfragmenting FIMS i n  t h e  a n a l y s i s  of coa l  
l i q u e f a c t i o n  products .  
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Figure 4 is  an example of a spectrum of a c rude  o i l  analyzed by t h e  computer i n  
t h e  same manner a s  t h e  samples presented i n  F i g u r e s  2 and 3. The only d i f f e r e n c e  
was t h a t  t h e  crude o i l  sample was "weathered" i n  t h e  probe a t  room t empera ture  to 
remove t h e  most v o l a t i l e  c o n s t i t u e n t s .  The same sample was analyzed 5 t imes t o  
a s s e s s  t h e  var iance  of t h e  a n a l y t i c a l  procedure.  F igure  5 p r e s e n t s  t h e  s tandard  
d e v i a t i o n  of each of t h e  mass peaks a s  a f u n c t i o n  of molecular  weight .  One can 
see  h e r e  t h a t  t h e  c o n s t i t u e n t s  b e l o w  250 amu have a h igh  var iance  due t o  i r reproduc-  
i b l e  preevaporat ion ("weathering") bu t  i n  t h e  mass range 250 t o  550, t h e  s tandard  
d e v i a t i o n  i s  i n  t h e  range of 3 t o  6%, which i s  very s a t i s f a c t o r y  f o r  such a complex 
a n a l y s i s .  I t  should be noted t h a t  even t h e  most abundant c o n s t i t u e n t s  i n  our  
complex mixture amount t o  j u s t  about 0.6% of t h e  t o t a l .  A t  h i g h e r  molecular  weights ,  
t h e r e  i s  an i n c r e a s e  i n  t h e  var iance  predominantly because of t h e  lower abundance 
of t h e s e  c o n s t i t u e n t s  and poss ib ly  a l s o  because of some i r r e p r o d u c i b l e  p y r o l y s i s  
or polymerizat ion of such minor components. The e f f e c t  of abundance on t h e  
v a r i a b i l i t y  of  t h e  i n d i v i d u a l  c o n s t i t u e n t s  can be seen  i n  F igure  6 which a l s o  
p r e s e n t s  t h e  t h e o r e t i c a l  lower l i m i t  of var iance  due t o  s t a t i s t i c a l  f l u c t u a t i o n s  of 
t h e  i o n s  counted.  The two l i n e s  "200" and "800" d e s i g n a t e  t h e  t h e o r e t i c a l  l i m i t  
f o r  t h e s e  two extreme c a s e s  of molecular  weights .  The l i m i t s  are d i f f e r e n t  because 
of t h e  d i f f e r e n c e  i n  t h e  monitor ing time p e r  amu d u r i n g  t h e  magnetic scanning.  The 
a c t u a l  var iance  i s  about 2 t o  3 t imes  h i g h e r  than  t h e  t h e o r e t i c a l  lower l i m i t .  This  
i s  f a i r l y  s a t i s f a c t o r y  i n  view of t h e  complexity of t h e  sample and t h e  a n a l y t i c a l  
procedure.  

F i e l d  Desorpt ion Experiments 

Two years  ago, w e  developed a t  SRI a novel type of f i e l d  desorb ing  source t h a t  
used a broken metal  t i p  (11) .  We have also shown t h a t  i o n i c  and o t h e r  p o l a r  
subs tances  f i e l d  desorb  more r e a d i l y  when d i s s o l v e d  i n  an  a p p r o p r i a t e  n o n v o l a t i l e  
mat r ix .  O u r  p re l iminary  tests on low molecular  weight hydrocarbon polymers were 
h ighly  encouraging (9). Recent ly ,  w e  have extended our experiments ,  u s i n g  broken 
g r a p h i t e  rods and bundles  of g r a p h i t e  rods  and bundles  of g r a p h i t e  f i b e r s  a s  f i e l d  
desorb ing  sources ,  with evan g r e a t e r  success .  We appl ied  t h e s e  sources  t o  t h e  
a n a l y s i s  of asphal tenes .  Figure 7 shows a f i e l d  d e s o r p t i o n  spectrum (obta ined  on a 
mult ichannel  ana lyzer )  of t h e  a s p h a l t e n e s  of SRC produced from I l l i n o i s  No. 6 c o a l .  
The spectrum was obta ined  from a g r a p h i t e  f i b e r  f i e l d  desorb ing  bundle a t  205OC. 

An example of a computer handled FD spectrum of a s p h a l t e n e s  (produced from 
Kentucky c o a l )  i s  presented  i n  F ig .  8 .  I n  o r d e r  t o  provide  a d i r e c t  comparison of 
t h e  c h a r a c t e r i s t i c s  of FD and FI s p e c t r a  c u r r e n t l y  a v a i l a b l e ,  F igures  8-12 show the  
raw d a t a  a s  i t  was acqui red  by t h e  Computer, r a t h e r  than  t h e  normal bar-graphs. 
The r e s o l u t i o n  of t h e  FD spectrum is i n f e r i o r  t o  t h a t  ob ta ined  by FI of t h e  same 
sample (Fig.  9), probably due t o  t h e  wider energy spread of t h e  f i e l d  desorbed ions ,  
a s  wel l  a s  t o  t h e  f l u c t u a t i n g  na ture  of t h e  FD i o n  beam. Note, however, t h e  
s i g n i f i c a n t  mass peaks a t  about  395 amu i n  t h e  FD spectrum which a r e  a b s e n t  i n  t h e  
FI spectrum. 
a s  shown i n  F igure  10. F igure  11 a-d p r e s e n t  FD s p e c t r a  i n  t h e  temperature  range 
160 t o  187OC. Comparison of t h e s e  s p e c t r a  with t h e  FI spectrum over  t h e  same 
temperature  range (Fig.  9) and over  a h i g h e r  temperature  range (F ig .  12)  shows t h a t  
under FD, one i o n i z e s  t h e  same c o n s t i t u e n t s ,  or o t h e r  compounds of comparable 
molecular  weight ,  a t  s i g n i f i c a n t l y  lower tempera tures .  The r e p r o d u c i b i l i t y  and 
r e s o l u t i o n  obtained by FD a r e ,  however, major l i m i t i n g  f a c t o r s  i n  t h e  a p p l i c a t i o n  of 

T h i s  f e a t u r e  appears  a g a i n  a t  somewhat h igher  tempera tures  (157-158OC) 
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t h i s  technique a s  a q u a n t i t a t i v e  way t o  c h a r a c t e r i z e  c o a l  products .  Some of t h e s e  
l i m i t a t i o n s  could be overcome by f o c a l  p lane  s imultaneous i o n  c o l l e c t i o n  techniques  
( e . g . ,  photoplate  mass spec t rography) .  

Summary 

W e  have shown t h a t  mass spec t romet r ic  multicomponent a n a l y s i s  techniques  a r e  
i d e a l  f o r  the  c h a r a c t e r i z a t i o n  of c o a l  l i q u e f a c t i o n  and f u e l  products .  These inc lude  
t h e  c a p a b i l i t y  of de te rmining  molecular  weight p r o f i l e s  up to  1000 amu with u n i t  
amu r e s o l u t i o n  and t h e  a b i l i t y  t o  o b t a i n  and record molecular  weight p r o f i l e s  a s  a 
f u n c t i o n  of sample tempera ture  d u r i n g  a temperature  programmed evapora t ion  of t h e  
analyzed sample. 

Combined w i t h  a p p r o p r i a t e  l i q u i d  chromatographic s e p a r a t i o n  techniques  or c e r t a i n  
f a s t  and q u a n t i t a t i v e  d e r i v a t i z a t i o n  procedures  t o  s e p a r a t e  c o a l  l i q u e f a c t i o n  products  
i n t o  f a m i l i e s  of compounds, advanced FIMS o f f e r s  an unprecedented,  p r e c i s e  and 
meaningful a n a l y t i c a l  methodology f o r  t h e  C h a r a c t e r i z a t i o n  of c o a l  products .  

The f i e l d  i o n i z a t i o n  technique descr ibed  i n  t h i s  paper  is not  y e t  p e r f e c t ,  and 
it r e q u i r e s  some f u r t h e r  development i n  t h e  a r e a s  of ins t rumenta t ion ,  sample 
pre t rea tment ,  and d a t a  handl ing .  However, t h e r e  is  s u f f i c i e n t  evidence t h a t  t h i s  
technique  can provide t h e  b a s i s  f o r  one of t h e  most comprehensive a n a l y t i c a l  
methodologies e v e r  a v a i l a b l e  t o  c o a l  r e s e a r c h .  
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OXIDATIVE DEGRADATION STUDIES OF COAL AND SOLVENT REFINED COAL 

Ryo ich i  Hayatsu, Randall  E. Winans, Rober t  G. Sco t t ,  

Chemistry D i v i s i o n  
Argonne Na t iona l  Laboratory, Argonne, I l l i n o i s  60439 

Leon P. Moore, and M a r t i n  H. S t u d i e r  

INTRODUCTION 

The b u l k  o f  t h e  o rgan ic  ma t te r  i n  c o a l s  c o n s i s t s  of a macromolecular 
m a t e r i a l  o f  complex and v a r i a b l e  composi t ion.  Many workers have attempted 
t o  degrade coa ls  t o  s m a l l e r  molecules which cou ld  be i d e n t i f i e d  and i n t e r -  
p r e t e d  i n  terms o f  coa l  s t r u c t u r e .  
impor tan t  degradat ion methods. 
been used. Among these were HN03, HN03-KzCr~07, KMnOa, 02, HzOZ-03 and NaOC1, 
a l l  d r a s t i c  ox idants .  Because these reagents i n  general r e s u l t  i n  ex tens i ve  
r i n g  degradations, with benzene c a r b o x y l i c  ac ids  t h e  o n l y  aromat ic  compounds 
i d e n t i f i e d ,  they have been o f  l i m i t e d  usefu lness.  
compare the products  f rom d r a s t i c  ox idan ts  w i t h  more s e l e c t i v e  ones designed 
t o  break up t h e  macromolecules i n t o  i d e n t i f i a b l e  u n i t s  w i t h  a minimum of 
chemical change so t h a t  u n i t s  indigenous t o  coa ls  can be i d e n t i f i e d .  
found aqueous NazCr-207 t o  be s e l e c t i v e  and have repo r ted  a number of  p o l y -  
nuc lea r  aromatic u n i t s  which r e s u l t e d  from t h e  dichromate o x i d a t i o n  o f  a 
bituminous coa l  and which we b e l i e v e  t o  be ind igenous t o  t h e  coal  ( 1 ) .  We 
have explored a number o f  o x i d i z i n g  agents us ing  t h e  samples l i s t e d  i n  T a b l e l .  

Table 1 

Ox ida t i on  has been one o f  t h e  more 
To date a number o f  o x i d i z i n g  agents have 

Our approach has been t o  

We have 

Elemental Analyses o f  Samples (maf %)  

No. Sample C H N S 0 (by d i f f )  

L i g n i t e  (Sher idan Wyoming) 64.4 5.3 1.1 1.1 28.1 
Bituminous ( I l l i n o i s  
Seam #2) 77.8 5.4 1.4 2.1 13.3 
Bituminous ( P i t t s b u r g h  
Seam #8) 82.7 5.5 1.3 2.8 7.7 
An th rac i te  (Pennsylvania 
PSOC #85) 91.3 3.9 0.6 1.1 3.1 

SRC benzene-methanol e x t .  86.2 5.6 1.8 0.7 5.7 
Char 84.9 1.7 --- --- 
Svn the t i c  Polvmer ( f rom 

SRC ( f rom P i t t s b u r g h  Seam*#8) 87.2 5.5 1.8 1.2 4.3 

--- 

F; scher-TropGh) ( 2 )  80.0 5.1 1.3 0.0 13.6 
Polymeric M a t e r i a l  ( f rom 
Murchison M e t e o r i t e  ( 2 ) )  76.1 4.6 2.8 1.3 15.2 

.* 
The SRC was f r a c t i o n a t e d  i n t o  3 f r a c t i o n s  on t h e  bas i s  o f  s o l u b i l i t y :  hexane 
(4.5%), benzene-methanol m i x t u r e  (82.3%), p y r i d i n e  (11.8%) and a small  
res idue  (1.4%). 
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I n  a d d i t i o n  t o  f o u r  coa ls ,  a so l ven t  r e f i n e d  coal  (SRC) and two complete ly  
a b i o t i c  samples, t h e  s y n t h e t i c  F ischer-Tropsch polymer, and the  polymer f rom 
t h e  Murchison me teo r i t e ,  were used f o r  comparison and t o  t e s t  t h e  o x i d a t i o n  
methods. 

RESULTS AND DISCUSSION 

I d e n t i f i c a t i o n  o f  products :  I n  general t h e  products  o f  o x i d a t i o n  were 
c h i e f l y  c a r b o x y l i c  ac ids  which were e s t e r i f i e d  w i t h  diazomethane t o  i nc rease  
t h e i r  v o l a t i l i t y  f o r  e a s i e r  a n a l y s i s  by t i m e - o f - f l i g h t  mass spect rometry  
(TOFMS), a v a r i a b l e  temperature s o l i d  i n l e t ,  GC-TOFMS and h igh  r e s o l u t i o n  mass 
spectrometer (HRMS). 

w i t h  70% HN03 f o r  16-24 hours y i e l d i n g  a c l e a r  orange co lo red  s o l u t i o n .  
a c i d  so lu t i ons  were evaporated t o  dryness under reduced pressure and t h e  
res idue  weighed. 
s o l i d  probe. 
molecular  i ons  and fragments, i n  p a r t i c u l a r  (M-OCH3)+, were used f o r  iden- 
t i f i c a t i o n .  I n  F igu re  1 a r e  summarized t h e  data f o r  benzene c a r b o x y l i c  
ac ids  (as t h e i r  methyl e s t e r ) .  The s y n t h e t i c  sample had been prepared by 
hea t ing  CO, Hz and NH3 w i t h  an Fe-Ni c a t a l y s t  a t  200°C f o r  s i x  months ( 2 ) .  
I t  was a macromolecular m a t e r i a l  i n s o l u b l e  i n  o rgan ic  so lvents ,  HC1, HF 
and KOH. Despi te  t h e  d r a s t i c  n a t u r e  o f  t h e  n i t r i c  a c i d  o x i d a t i o n  i t  appears 
t h a t  usefu l  i n f o r m a t i o n  can be obta ined by t h e  procedure. For example t h e  
y i e l d  o f  t o t a l  ac ids  and the  number o f  c a r b o x y l i c  a c i d  groups pe r  benzene 
r i n g  seem c o r r e l a t e d  w i t h  ;he degree o f  condensat ion o f  the o r i g i n a l  m a t e r i a l .  
The spect ra f rom t h e  s y n t h e t i c  sample f rom t h e  Fischer-Tropsch r e a c t i o n ,  and 
from char a r e  r e l a t i v e l y  s imple c o n s i s t i n g  p r i m a r i l y  o f  t he  benzene carboxy- 
l i c  a c i d  es te rs  w i t h  f rom two t o  s i x  e s t e r  groups. 
coal  der ived products  (except  f o r  cha r )  a r e  more complex and con ta ined  n i t r o  
s u b s t i t u t e d  e s t e r s  and p y r i d i n e  d e r i v a t i v e s .  Note t h e  s i m i l a r i t y  between t h e  
syn the t i c  sample and t h e  char  prepared from I l l i n o i s  b i tuminous coa l  by 
hea t ing  under vacuum t o  800°C. The abundance o f  t h e  benzene hexacarboxy l ic  
a c i d s  f o r  these two suggest a h igh  degree o f  condensation i n  the o r i g i n a l  
samples. The s i m i l a r i t y  i n  d i s t r i b u t i o n  o f  t h e  o x i d a t i o n  products  from the  
two bituminous coa ls  ( t h e  I l l i n o i s  and P i t t s b u r g h )  i s  s t r i k i n g .  The s o l v e n t  
r e f i n e d  coal  de r i ved  f rom t h e  P i t t s b u r g h  #8 coal  i s  shown l a t e r  (F igu re  3, 
Table 2 )  t o  have a h ighe r  degree o f  aromat ic  r i n g  condensation than i t s  feed 
coa l .  Thus i t  i s  s u r p r i s i n g  t o  see t h e  s h i f t  t o  fewer ac id  groups f o r  SRC. 
Th is  may mean t h a t  many a l i p h a t i c  c r o s s l i n k s  were dest royed i n  t h e  SRC p ro -  
cess and evolved as l i g h t  hydrocarbons. 

The r e s u l t s  f rom t h e  m e t e o r i t i c  polymer ( n o t  shown i n  F igu re  1 )  were 
ve ry  s i m i l a r  t o  those o f  t h e  s y n t h e t i c  polymer. 

Sodium dichromate o x i d a t i o n :  I n  general 1-3 g o f  sample was heated a t  
250°C f o r  36-40 hours w i t h  excess Na2Cr207 (60-120 m l  o f  0.4 - 0.6 bJ) w i t h  
s t i r r i n g .  Th is  procedure o x i d i z e s  s i d e  chains and a l i c y l i c  appendages t o  
po lynuclear  aromat ic  systems w i t h  a minimum o f  degradat ion o f  aromat ic  r i n g s  
( 3 ) .  We have found t h a t  model compounds a r e  o x i d i z e d  i n  h i g h  y i e l d s  (78- 
95%) Samples 1, 2, 3, 4, 6, and 
9 were ox id i zed  w i t h  Na2Cr207 w i t h  a h i g h  degree o f  convers ion t o  s o l u b l e  o r  

N i t r i c  Ac id Ox ida t i on :  A l l  samples o f  Table 1 except  #6 were r e f l u x e d  
The 

The methy lated ac ids  were analyzed by GC-MS, HRMS and the  
Fragmentation p a t t e r n s  and p r e c i s e  mass de te rm ina t ion  o f  bo th  

The coal  samples and 

t o  t h e i r  corresponding c a r b o x y l i c  ac ids .  

157 



v o l a t i l e  compounds (70-100%). 
o f  t h e  weight  o f  t h e  o r i g i n a l  samples. The a n t h r a c i t e  a l s o  y i e l d e d  17% o f  a 
humic a c i d  t ype  m a t e r i a l  o f  h i g h  mo lecu la r  weight  s o l u b l e  i n  a l k a l i n e  so lu -  
t i o n .  I n  F igu re  2 a r e  shown g r a p h i c a l l y  t h e  r e l a t i v e  abundances o f  aromat ic  
and heteroaromat ic  u n i t s  produced by t h e  d ichromate o x i d a t i o n  o f  t h r e e  coa ls  
(samples 1, 2 and. 4 ) .  I t  i s  obv ious t h a t  t h e  degree o f  aromat ic  condensation 
increases w i t h  rank o f  coa l  f rom l i g n i t e  t o  b i tuminous t o  a n t h r a c i t e .  The 
NazCr207-aq o x i d a t i o n  procedure has been quest ioned because o f  t h e  p o s s i b i l i t y  
t h a t  major s t r u c t u r a l  rearrangement w i t h  p y r o l y t i c  f o rma t ion  o f  po lynuclear  
aromat ic  compounds m i g h t  occur  d u r i n g  t h e  r e a c t i o n  a t  25OOC (4 ) .  The f a c t  
t h a t  no polynuclear  aromat ic  compounds w i t h  more than two fused r i n g s  were 
detected i n  t h e  o x i d a t i o n  products  o f  l i g n i t e  (sample 1) and t h a t  t h e  degree 
o f  condensation i nc reases  w i t h  rank  o f  coa l  i s  i n t e r n a l l y  c o n s i s t e n t  and 
suggests t h a t  condensat ion d u r i n g  o x i d a t i o n  w i t h  Na2Cr207 i s  minimal. 
b lank  experiment b i tuminous coa l  (sample #2 )  which had been e x t r a c t e d  w i t h  
an organic  s o l v e n t  t o  remove t rapped compounds was heated a t  250°C f o r  40 
hours w i t h  water. An i n s o l u b l e  res idue  96.2% and ino rgan ic  s a l t s  2.9% were 
obta ined.  Mass a n a l y s i s  o f  t h e  res idue  was i n d i s t i n g u i s h a b l e  f rom t h a t  o f  
t h e  o r i g i n a l  coa l  and t h e  H/C r a t i o  was unchanged. 
p y r o l y s i s  s tud ies  o f  t h e  coal  showed no evidence o f  s i g n i f i c a n t  thermal 
decomposit ion u n t i l  heated above 250°C. 

The gas chromatograms o f  t he  o x i d a t i o n  products  (as methyl e s t e r s )  from 
t h e  P i t t sbu rgh  coal  (sample 3 )  and i t s  SRC (benzene methanol ext ract -sample 
6) a re  shown i n  F igu re  3. The numbered peaks a r e  i d e n t i f i e d - i n  Table 2. A 
g rea te r  degree o f  a romat i c  condensat ion o f  t h e  SRC e x t r a c t  over t h a t  o f  i t s  
feed coal i s  observed. For example, naphthalene and phenanthrene r i n g s  a r e  
much more abundant i n  t h e  SRC. 
h e t e r o c y c l i c  t o  have s u r v i v e d  t h e  SRC process. 

product  o f  t h e  m e t e o r i t e  polymer: 
threne, f l uo ran thene  ( o r  pyrene), chrysene, f luorenone,  benzophenone, 
anthraquinone, d ibenzofuran,  benzothiophene, dibenzothiophene, p y r i d i n e ,  
q u i n o l i n e  o r  i s o q u i n o l i n e  and ca rbazo le  ( 2 ) .  
genera l l y  accepted i d e a  t h a t  t h e  polymer ic  m a t e r i a l  i n  me teo r i t es  has a 
h i g h l y  condensed a romat i c  s t r u c t u r e  (2, 5, 6)  and g i ves  us conf idence i n  t h e  
dichromate o x i d a t i o n  procedure. 

Photochemical o x i d a t i o n s :  O x i d a t i o n  by a i r  bubb l i ng  through an aqueous 
HC1 s o l u t i o n  w h i l e  i r r a d i a t i n g  w i t h  u l t r a v i o l e t  l i g h t  from a h i g h  pressure 
mercury lamp was i n v e s t i g a t e d .  I n  Table 3 a r e  shown t h e  r e s u l t s  obta ined 
w i t h  model compounds. 
t h a t  aromatic hydrocarbons a r e  r e a d i l y  o x i d i z e d  t o  benzene c a r b o x y l i c  ac ids.  
On t h e  o t h e r  hand N-he te rocyc l i cs  r e s i s t  o x i d a t i o n .  I n  Table 4 a re  l i s t e d  
t h e  aromatic c a r b o x y l i c  ac ids  i s o l a t e d  f rom a b i tuminous coa l  (sample 2)  
a f t e r  photochemical o x i d a t i o n .  The products  from l i g n i t e  (sample #1 )  were 
p r i m a r i l y  benzene c a r b o x y l i c  ac ids  w i t h  o n l y  t r a c e s  o f  p y r i d i n e  t r i c a r b o x y l i c  
a c i d s  and xanthone d i -  and t r i c a r b o x y l i c  ac ids .  Several a l i p h a t i c  c a r b o x y l i c  
a c i d s  were i d e n t i f i e d  ( a f t e r  me thy la t i on )  i n  t h e  pho to -ox ida t i on  product  o f  
bituminous by TOF v a r i a b l e  temperature s o l i d  i n l e t  and HRMS. 
methyl es te rs  o f  malonic  ac id ,  s u c c i n i c  a c i d ,  g lu tamic  a c i d  and sa tu ra ted  
monocarboxyl ic ac ids  (CH3-(CHz)n-COOCH3 n = 1-7). 

The y i e l d s  o f  s o l u b l e  compounds were 50-70% 

I n  a 

Furthermore, d e t a i l e d  

The d ibenzofuran r i n g  i s  t h e  most abundant 

F i f t een  aromat ic  r i n g  systems were i d e n t i f i e d  i n  t h e  Na2Cr207 o x i d a t i o n  
benzene, b ipheny l ,  naphthalene, phenan- 

These da ta  suppor t  t he  

From t h e  r e s u l t s  w i t h  t h e  model compounds it appears 

They a r e  

The fragments f o r  3-methyl 
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C Peak Number o f  
Number -COOCH3 

1 
5 

10 
4 
2 
8 

16 

13 
20 

19 

11 

R e l a t i v e  Abundance 

SRC E x t r a c t  Coal 
(5  15X)b 

12 

18 

6' 
9d 

Benzene 

Biphenyl 
Naphthalene 

Phenanthrene 

PyrenelFluoranthene 

F1 uorenone 

Anthraquinone 

D i  benzofuran 

Xanthone 

Benzothiophene 
Dibenzothiophene 

P y r i d i n e  
Carbazole 

Benzoquinol i n e / A c r i d i  ne 

2 
3 
4 
1 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
1 
2 
3 
1 
2 
1 
2 
3 
1 
2 
3 
1 
1 
2 
3 
1 
2 
1 
2 
3 

100 
58 

9 
3 

47 
82 
24 

7 
82 

8,25 
5 

1 ( T I  
7 
4 
4 
3 
3 

26 
3 

32 
9 

10 
4 
6 

2 0 )  --- 
2 

--- 
--- 

4 
3 
3 
5 
2 

100 
29 
10 
9 

30 
29 
8 
3 

28 
8 
7 

3 
2 
8 
2 

4 

21 
4 
4 
9 
7 
3 
4 
8 
5 

5 ( T I  
3 
4 
7 
4 
2 

11 
22 

--- 

--- 
--- 



Table 2 (Footnotes)  

a92% o f  t h e  e x t r a c t  was o x i d i z e d  and t h e  y i e l d  o f  t o t a l  a c i d i c  and non-ac id i c  
l e s s  v o l a t i l e  compounds was %59%. 
ox id ized;  Y i e l d  o f  t o t a l s  was %58%. 

For the  feed coa l ,  84% o f  t h e  coa l  was 

bBenzene d i c a r b o x y l i c  a c i d  methy l  e s t e r  i s  normal ized t o  100. 

‘Peak no. 6 i s  t e n t a t i v e l y  i d e n t i f i e d  as tr imethoxyxanthone. 

dPeak no. 9 shows prominent  mass i ons  a t  216 and 215. HRMS shows t h e i r  
elemental composi t ion corresponding t o  C ~ Z H I ~ O ~ N ,  C12H903N or C9H1206, 
CqHl1O6. I d e n t i f i c a t i o n  has n o t  been made a t  t h i s  present  t ime. 

T = i d e n t i f i c a t i o n  t e n t a t i v e ;  --- - - n o t  detected;  x = peak cons is t s  o f  more 
than one component which a r e  d i f f i c u l t  t o  i d e n t i f y  by GC-MS. 

I t a l i c s  i n d i c a t e  t h a t  i d e n t i f i c a t i o n  and e s t i m a t i o n  o f  r e l a t i v e  abundances 
were made by TOF v a r i a b l e  temperature s o l i d  i n l e t  and HRMS, because o f  d i f -  
f i c u l t y  o f  i d e n t i f i c a t i o n  by GC-MS. 

Table 3 
Photochemical Ox ida t i on  o f  Model Compounds 

* 

Compound Unreacted’ 1 ( % I  
p-c reso l  
a n i s o l e  
naphthalene 
I, 4-diMe-naphthaZene 
2,6-diMe-naphthalene 
indane 
f 1 uorene 
acenaphthene 
phenanthrene 
pyrene 
d i  benzofuran 
xanthone 
dibenzothiophene 
carbazole 
N-Et-carbazol e 
po Zy (2-vinytpyridine) 
-poZgstpene potgmer 
*The o x i d a t i o n  was c a r r  

0 
0 
8 
5 
7 
3 
8 

10 
24 
12 
32 
78 
43 
78 
83 

8 

ed o u t  i n  

§ Major Ox ida t i on  Products 

un iden t .  smal l  species, polymer 
un iden t .  smal l  species, polymer 
p h t h a l i c  a c i d  
p h t h a l i c  a c i d  
benzene-1,2,4-tricarboxylic a c i d  
p h t h a l i c  a c i d  
f l  uorenone 
p h t h a l i c ,  naphthalene-1,8-dicarboxylic ac ids  
p h t h a l i c  ac id ,  phenanthrene-9,lO-di ketone 
benzene tri- and te t raca rboxy l  i c  ac ids  
s tyrene,  sa l  i c y c l  i c  a c i d  
u n i d e n t i f i e d  c h l o r o  compounds 
s tyrene,  t h i  ophenol 
polymer 
 DO^ m e r  
pyGd ine -2 -ca rboxy l  i c ,  pyr id ine-2-a ldehyde,  
benzoic, malonic ,  and succ in i c  a c i d s  
0% aq. HC1 s o l u t i o n  f o r  6-10 days. 

tVa lues  a r e  accu ra te  t o  + lo%.  
SAfter p r e l i m i n a r y  separs t i on  i n t o  a c i d i c ,  n e u t r a l ,  and bas i c  f r a c t i o n s ,  p ro -  
duc ts  were i d e n t i f i e d  by TOFMS w i t h  v a r i a b l e  temperature s o l i d  i n l e t .  Except 
f o r  t he  f i r s t  two samples and t h e  two carbazoles,  a l l  i d e n t i f i c a t i o n s  were 
checked by h i g h - r e s o l u t i o n  MS. For  t h e  i t a l i c i z e d  samples, GC-MS was used as 
w e l l ,  a f t e r  e s t e r i f i c a t i o n  o f  t h e  product .  

A l l  major  p roduc ts  were accompanied by l e s s e r  amounts o f  t h e i r  mono- 
c h l  o r 0  d e r i v a t i v e s .  
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Table 4. Footnotes 

aSome p r e l i m i n a r y  r e s u l t s  were repo r ted  e a r l i e r  (1) .  I d e n t i f i c a t i o n  based on 
TOF v a r i a b l e  temperature s o l i d  i n l e t ,  GC (Carbowax 20 M)-TOFMS and h i g h  
r e s o l u t i o n  MS. 

R e l a t i v e  bBenzene t r i c a r b o x y l i c  a c i d  methyl e s t e r  i s  normal ized t o  100. 
abundances were es t ima ted  f rom t h e  GC and an i n t e g r a t i o n  o f  t he  base peak 
o f  each compound d u r i n g  t h e  t ime  t h a t  t h e  sample was complete ly  v o l a t i l i z e d  
i n  t h e  MS. 
CMonochlorobenzene c a r b o x y l i c  a c i d s  were always ob ta ined  when coa l  o r  model 

compounds were o x i d i z e d  i n  10% HC1 aq. s o l u t i o n .  
o t h e r  aromatics were a l s o  observed i n  ve ry  low y i e l d .  

Na2CrZO7-oxidation ( l ) ,  w h i l e  pho to -ox ida t i on  produced d ibenzofuran carboxy- 
l i c  ac ids i n  low y i e l d .  
dest royed most o f  t h e  d ibenzofuran r i n g .  

Ch lo roca rboxy l i c  a c i d s  o f  

d R e l a t i v e l y  l a r g e  amounts o f  dibenzofurans were found t o  be produced by 

Perhaps t h i s  shows the  photochemical procedure 

eFor p y r i d i n e  d i c a r b o x y l i c  ac id ,  o n l y  c h l o r o d e r i v a t i v e s  were found. 

fThe prev ious es t ima tes  o f  r e l a t i v e  abundances ( 1 )  were somewhat h igh .  

gThe products o f  l i g n i t e  pho to -ox ida t i on  i n  5% KOH aq. s o l u t i o n  were very 

hPolynuclear aromat ic  c a r b o x y l i c  ac ids  such as naphthalene and phenanthrene 

s i m i l a r  t o  those shown i n  t h i s  Table. 
benzene c a r b o x y l i c  ac ids  were i d e n t i f i e d .  

found i n  t h e  Na2Cr207 o x i d a t i o n  product  (see F ig.  2 )  a r e  n o t  observed i n  t h i s  
product .  
compounds a r e  o x i d i z e d  by t h e  present  procedure. 

I n  a d d i t i o n  some mono- and d ime thy l -  

From ou r  model experiments, we have found t h a t  these a romat i c  

T = i d e n t i f i c a t i o n  t e n t a t i v e .  

and 3,3-dimethyl a l i p h a t i c  c a r b o x y l i c  a c i d  methyl e s t e r s  were a l s o  seen i n  
t h e  mass spect ra.  
o f  1 i g n i t e .  

experiments desc r ibed  above aromat ic  u n i t s  w i t h  pheno l i c  groups would have 
been destroyed. 
m i x t u r e  under m i l d  c o n d i t i o n s  o x i d i z e s  humic ac ids  w h i l e  p rese rv ing  phenols. 
Us ing t h i s  procedure we have o x i d i z e d  l i g n i t e  (sample #1)  and b i tuminous coal  
(sample #2 )  w i t h  ove r  80% convers ion t o  methanol s o l u b l e  ac ids  and have 
methy lated t h e  a c i d s  produced. 

f rom l i g n i t e  i s  shown i n  F igu re  4. 
pounds was made by c o i n c i d e n t  MS and HRMS o f  t h e  m i x t u r e .  
i d e n t i f i e d  gave t h e  f o l l o w i n g  approximate d i s t r i b u t i o n :  
methyl-benzene, 22.1% methoxy-benzene, 15.9% f u r a n  and 18.2% d i b a s i c  a l i -  
pha t i c .  For  t h e  b i tuminous coal  t h e  methoxy d e r i v a t i v e s  were h a l f  as abun- 
dant. 
o f  t h e  bituminous c o a l .  

A s i m i l a r  obse rva t i on  was made f o r  t h e  o x i d a t i o n  product  

Hydrogen Perox ide-Acet ic  Ac id:  It i s  probable t h a t  i n  the o x i d a t i o n  

S c h n i t z e r  e t  a l .  (7)  have shown t h a t  an a c e t i c  acid-H202 

The gas chromatogram o f  t he  aromat ic  p o r t i o n  o f  t h e  methy lated product  
The i d e n t i f i c a t i o n  o f  i n d i v i d u a l  com- 

The methy l  e s t e r s  
36.1% benzene, 7.6% 

These r e s u l t s  suggest t h a t  t h e  l i g n i t e  has t w i c e  the  pheno l i c  con ten t  
It i s  i n t e r e s t i n g  t o  no te  t h a t  methyl f u r a n  

162 



t e t r a c a r b o x y l a t e  has been i d e n t i f i e d  and o t h e r  f u r a n  d e r i v a t i v e s  have been 
t e n t a t i v e l y  i d e n t i f i e d ,  

I t  appears t h a t  t h e  c o a l s  a r e  a c t i n g  as c a t a l y s t s  f o r  t h i s  o x i d a t i o n .  
I f  2,6-dimethylnaphthalene i s  reacted w i t h  H202 under t h e  same c o n d i t i o n s  as 
used f o r  t h e  coals ,  o n l y  2,6-dimethylnaphthaquinone i s  i s o l a t e d  i n  e s s e n t i a l l y  
q u a n t i t a t i v e  y i e l d .  Wi th  t h e  a d d i t i o n  o f  a small  amount o f  l i g n i t e  t o  t h e  
reac t i on ,  5-methyl p h t h a l i c  a c i d  i s  obta ined as t h e  major product .  A lso no 
hydroxy lated benzene c a r b o x y l i c  ac ids  were i s o l a t e d  which i n d i c a t e s  t h a t  
t h i s  procedure does n o t  hyd roxy la te  aromat ic  r i n g s .  T r a n s i t i o n  meta ls  a r e  
known t o  ca ta l yze  r e a c t i o n s  o f  hydrogen perox ide.  P a r t  o f  t h e  c a t a l y t i c  
e f f e c t  may be due t o  t h e  m ine ra l  m a t t e r  i n  t h e  coa l .  

No polyhydroxy1 benzene c a r b o x y l i c  ac ids  have been observed i n  t h e  
products  from e i t h e r  coal .  
r i n g  o x i d a t i o n  and subsequent degradation. 
coal  o f  these species i s  probably  smal l .  
ve ry  r e a c t i v e  and probably  would n o t  s u r v i v e  t h e  c o a l i f i c a t i o n  process. 
We have examined aqueous NaOH e x t r a c t  o f  t he  Wyoming l i g n i t e .  Numerous 
hydroxy lated aromat ic  hydrocarbons and aromat ic  ac ids  were i d e n t i f i e d ,  b u t  
no polyhydroxy lated species were detected.  

It i s  expected t h a t  these species would undergo 
However, t h e  concen t ra t i on  i n  

These compounds a r e  expected t o  be 

Sodium Hypoch lo r i t e  Ox ida t i on :  On t h e  bas i s  o f  r e s u l t s  o f  o x i d a t i o n  o f  
coa l  w i t h  NaOC1, Chakrabar t ty  e t  a l .  have suggested t h a t  coa l  has a non- 
aromatic " t r i c y c l o a l  kane o r  polyamantane" s t r u c t u r e  (8). They p o i n t e d  o u t  
t h a t  no evidence f o r  aromat ic  compounds o t h e r  than benzene d e r i v a t i v e s  was 
found i n  t h e i r  o x i d a t i o n  product .  The s p e c i f i c i t y  o f  NaOCl as an o x i d a n t  
has been questioned (9)  and i s  s t i l l  i n  d i s p u t e  (10) .  
r e s o l v e  t h e  quest ion and have o x i d i z e d  samples 6, 9, and 2,6-dimethyl 
naphthalene under c o n d i t i o n s  descr ibed by Chakrabar t ty  e t  a l .  (8, 10, 11 ) .  
O f  p a r t i c u l a r  i f t e r e s t  i s  t h e  o x i d a t i o n  o f  t h e  polymer ic  m a t e r i a l  f rom t h e  
Murchison m e t e o r i t e  (sample 9 ) .  Numerous s tud ies  have shown t h i s  m a t e r i a l  
t o  be a h i g h l y  condensed aromat ic  s t r u c t u r e .  
accord ing t o  the  method o f  Chakrabar t ty  e t  a l .  
by NaOCl o x i d a t i o n  a t  60°C f o r  3-4 hours almost no o x i d a t i o n  was observed 
f o r  n i t r a t e d  samples 6 (SRC) o r  9 (me teo r i t e )  w h i l e  26% o f  n i t r a t e d  d ime thy l  
naphthalene was conver ted t o  benzene c a r b o x y l i c  ac ids  and t h e i r  n i t r o  and/or  
methy l  d e r i v a t i v e s .  No naphthalene ac ids  were detected.  When t h e  r e a c t i o n  
was cont inued f o r  15 hours, a t  65-70°C 57% o f  sample 9 and 42% o f  sample 6 
were ox id i zed  t o  water s o l u b l e  ac ids .  Polynuclear  aromatic and h e t e r o c y c l i c  
a c i d s  were n o t  detected i n  t h e  o x i d a t i o n  products  o f  e i t h e r  sample a l though  
bo th  are h i g h l y  aromatic. Benzene c a r b o x y l i c  ac ids  were the  major  products  
( n i t r o  and/or methyl d e r i v a t i v e s  and a methyl c h l o r o  d i c a r b o x y l i c  a c i d ) .  
Apparently po lynuclear  aromat ic  systems were dest royed and t h e  p roduc t  d i s -  
t r i b u t i o n  c l o s e l y  resembled t h a t  from a n i t r i c  a c i d  ox ida t i on .  Obvious ly  
more work i s  needed t o  c l a r i f y  t h e  r o l e  o f  NaOCl i n  t h e  o x i d a t i o n  o f  c o a l .  

We a r e  a t tempt ing  t o  

A l l  samples were n i t r a t e d  
When n i t r a t i o n  was f o l l o w e d  
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methyl es ters ,  produced by n i t r i c  acid oxidation. n = number of (COOCH,) 
groups per benzene ring. 
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PHENOLS AS CHEMICAL FOSSILS IN COALS 
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Introduction 

I t  i s  generally considered t h a t  v i t r i n i t e ,  the principal maceral i n  most 
Hence l ign in  should be one 

The purpose of t h i s  paper i s  t o  report  w h a t  we bel ieve t o  be 

coa ls ,  represents coa l i f ied ,  par t ly  decayed wood. 
of the important precursors t o  the v i t r i n i t e s  i n  coals. Accordingly, i t  would 
be in te res t ing  t o  know whether any chemical f o s s i l s  re la ted t o  l ign in  could be 
found in coals .  
a successful search f o r  such f o s s i l s .  The experimental approach exploi ted a 
degradation reaction developed i n  a study of s o i l  humic acids by Burges e t  a1 . l  

This react ion involves a reduction degradation w i t h  sodium amalgam and 
hot water. Thin layer  chromatography of the e ther  soluble  par t  of the product 
( y i e l d ,  about 20%) showed the presence of a number of phenols and phenolic 
ac ids ,  most of whose s t ruc tures  bore obvious relat ionships  t o  known microbial 
and chemical degradation products of l ignin ( I )  b u t  some t o  the  A r ing of f l a -  
vonoids (11). 

R. OH 

I 
OH OH 

where R1 = COOH, CHO, -CH=CH-COOH, -CH-CO-COOH, e t c . ;  R 2  = H or  OCH3 o r  OH; 
R3 = H or OCH3 o r  OH.  
o r  3 carbon atoms, i n  various s t a t e s  of oxidation. Burges e t  a l .  therefore  
Concluded t h a t  the humic acids  they studied were condensates of phenolic com- 
pounds from the degradation of plant  products w i t h  amino acids  ( see  a l s o  Flaig ) .  

Humic acids  can be extracted from peats and l i g n i t e s  b u t  n o t  from b i t u m -  
inous coals. 
acid generates in  high y ie ld  (80-110% by weight) mater ia ls  t h a t  c lose ly  resemble 
humic acids3. 
while on leave of absence from his  I n s t i t u t e ,  the  Burges reductive degradation 
was applied t o  humic acids  extracted from some peats and l i g n i t e s ,  and produced 
by oxidation of a number of bituminous coals .  
products were made by gas chromatography with co-inject ion of s tandards,  b u t  
a t  t h a t  time f a c i l i t i e s  were only ra re ly  avai lable  t o  permit confirmation by 
mass spectrometry. 
by another of the authors (S.R.) ,  who a l s o  studied a wider range of coals  ( t o -  
t a l l i n g  43 samples). 

I t  i s  proposed in t h i s  preliminary publication t o  describe the experimental 
procedures and t o  give a s u f f i c i e n t  se lec t ion  of the data t o  show w h a t  was found 
by co-injection and l a t e r  confirmed by mass spectrometry. 

The R1 group may represent a s ide  chain of 1 ,  2 ( r a r e l y )  

However, oxidation of bituminous coals w i t h  aqueous performic 

In preliminary s tudies  performed some years ago by one of us (J.B.) 

A number of i d e n t i f i c a t i o n s  of 

. 
Such confirmation has been more f u l l y  obtained recent ly  
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The major  c o a l  measures of t he  Un i ted  States were l a i d  down e i t h e r  i n  
t h e  Carboniferous e r a  (ca. 300 in. years B.P.), o r  i n  the  Cretaceous and Ter- 
t i a r y  (130-60 m. y e a r s  B.P.). Between these two e ras  a g r e a t  dea l  o f  evolu-  
t i o n  occurred i n  t h e  p l a n t  kingdom; associated w i t h  t h i s  were some changes 
i n  t h e  na tu re  o f  groups R2 and R3 i n  s t r u c t u r e  I above. 
s t a t e d  the  f a c t ,  we need n o t  pursue t h i s  m a t t e r  here. 

However, hav ing 

Ex per imenta 1 

Humic a c i d s  were e x t r a c t e d  from peats and l i g n i t e s  w i t h  0.5N sodium 

The o x i d a t i o n  o f  coa ls  w i t h  aqueous pe r fo rm ic  a c i d  i s  h i g h l y  exothermic. 

hydrox ide f o l l o w i n g  s tandard procedures. 

F i v e  gm o f  coal  was d ispersed i n  50 m l  o f  anhydrous f o r m i c  ac id ,  and 50 m l  
o f  30% hydrogen pe rox ide  was added i n  2 m l  p o r t i o n s  a t  such a r a t e  t h a t  t h e  
temperature d i d  n o t  exceed 55°C 
f o r m i c  a c i d  suspension was cooled i n  i c e  d u r i n g  t h e  a d d i t i o n  o f  H202). The 
m i x t u r e  was then a l l o w e d  t o  s tand a t  room temperature w i t h  s t i r r i n g  f o r  24 
hours. The washed and d r i e d  s o l i d  product  was e x t r a c t e d  w i t h  1N NaOH under 
n i t r o g e n  and c e n t r i f u g e d .  
t o  pH 1. The washed and d r i e d  humic ac ids  were red i sso l ved  i n  a l k a l i  and, 
f o l l o w i n g  t h e  procedure o f  Burges e t  a l . 1 ,  t r e a t e d  w i t h  3% sodium amalgam 
w h i l e  the s o l u t i o n  was heated i n  an o i l  bath a t  110-115" f o r  4-5 hours. 

(however, i n  t h e  e a r l i e r  phase,the coa l /  

The e x t r a c t  was p r e c i p i t a t e d  by a c i d i f i c a t i o n  

A f t e r  removal o f  mercury, t h e  r e s u l t i n g  s o l u t i o n  was a c i d i f i e d  t o  pH 1 
and cen t r i f uged ;  t h e  supernatant  was c a r e f u l l y  removed and t h e  res idue  ex- 
t r a c t e d  t w i c e  by c e n t r i f u g a t i o n  w i t h  e t h e r  and t w i c e  w i t h  methylene c h l o r i d e .  
Solvents were removed and t h e  res idues mixed. The res idues were t r e a t e d  
wi th  S y l o l  HTP reagen t  (Supelco, I nc . ,  Be l l e fon te ,  Pa.) under t h e  cond i t i ons  
recommended f o r  c o n v e r t i n g  phenols t o  t r i m e t h y l s i  l y l  e the rs  and c a r b o x y l i c  
a c i d s  t o  t h e  corresponding es te rs .  

Experiment showed OV 101 column pack ing (3% on 80/100 mesh Supelcopor t )  
t o  be the  most e f f e c t i v e  f o r  gas chromatography o f  t h e  s i x  packings tes ted .  
GC analyses, w i t h  and w i t h o u t  c o - i n j e c t i o n  o f  standards, were performed w i t h  
a Hewlett-Packard No. 5750 inst rument ,  equipped w i t h  f lame i o n i z a t i o n  detec-  
t o r s .  GC/MS analyses i n  t h e  l a t e r  phase were made b y  M r .  David M. Hindenlang, 
u s i n g  a Finnegan model 3000 ins t rumen t  under the  charge o f  D r .  L a r r y  Hendry 
o f  t h e  Chemistry Department o f  t h i s  U n i v e r s i t y .  
used. The GC/MS i ns t rumen t  was prov ided w i t h  a data system, and t h i s  was used 
t o  s u b t r a c t  t h e  mass spectrum a t  t he  f o o t  o f  each peak j u s t  b e f o r e  i t  began 
t o  e l u t e ,  o r  j u s t  a f t e r  i t  had done so, f rom the  spectrum recorded as the  max- 
imum of t h e  peak was e l u t e d .  
d i s c  space c o u l d  n o t  be monopolized f o r  cont inued s torage o f  our  da ta  w h i l e  
o t h e r  procedures were t e s t e d  and i n t e r p r e t a t i o n s  worked o u t .  Consequently, 
t h e  raw MS data, massaged as descr ibed above, were repo r ted  f o r  standards and 
unknowns as p r i n t o u t s  t a b u l a t i n g  m/e va lues and r e l a t i v e  i n t e n s i t i e s ,  and com- 

. par isons were made by v i s u a l  i n s p e c t i o n  of t he  p r i n t e d  data. 

OV 101 columns were again 

Such a procedure i s  c e r t a i n l y  a r b i t r a r y ,  b u t  

Resul ts  

On t h e  d r y  b a s i s  the  we igh t  o f  crude o x i d i z e d  coa l  was u s u a l l y  85-105% 
of t h e  we igh t  of raw coa l .  The y i e l d s  o f  d a f  humic ac ids  were i n  t h e  range 
65-90% of drmnf c o a l .  W i t h i n  t h e  range o f  rank s t u d i e d  (78-87% C drmnf), t h e  
y i e l d  tended t o  i nc rease  w i t h  i nc reas ing  rank.  Petrographic  s t u d i e s  o f  t h e  
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oxidized products of three coals  (by Dr. Alan Davis and Mr. Harrey Zeiss ,  t o  
whom we are  indebted) showed t h a t  the v i t r i n i t e s  were grea t ly  a l te red  compared 
w i t h  their appearance i n  t h e  raw c o a l s ,  while s p o r i n i t e  and t h e  inert macerals 
had changed l i t t l e  o r  not a t  a l l .  These apparently unaltered macerals could 
s t i l l  be recognized i n  the NaOH-insoluble mater ia l s .  
were derived very largely from the v i t r i n i t i c  macerals. The y i e l d s  of e t h e r  
soluble  products from the reduct ive degradation were i n  the range 10-40% of 
the weight of humic acids taken; y i e l d s  when the react ion i s  applied t o  s o i l  
humic acids were about 201.1 
coals  tended t o  be somewhat higher than those from Carboniferous coals  of the 
eas te rn  U.S. 

Thus  the  humic ac ids  

Yields from humic acids  from the younger Western 

Chromatograms obtained in the e a r l i e r  phase of the work are  shown i n  
Figures 1 and 2, where the names of compounds ident i f ied,most ly  by co-injec- 
t i o n ,  a r e  entered against  the  corresponding peaks ( t r i v i a l  names a r e  used 
i n  the  f igures  because they a r e  usual ly  shor te r ;  a l i s t  of equivalent sys- 
tematic names i s  given i n  the Appendix. Comparison of the s t r u c t u r e s  w i t h  
I and I1 above will show which may be biological ly  re la ted) .  I t  wi l l  be 
seen t h a t  resolut ion i s  moderately good but tha t  even so a number of major 
peaks are unident i f ied.  

These curves a r e  typical  of what was found f o r  products from the s i x  
coals  studied. All 3 dihydroxy-benzenes were comonly found and 2 of the 
trihydroxy-benzenes. 2,6-Xylenol was frequent ly  found in both the e a r l i e r  
and  l a t e r  work, and was the only one of the s i x  xylenols t o  be ident i f ied .  
Several of the compounds frequent ly  encountered ( v a n i l l i n  and v a n i l l i c  a c i d ,  
syr ingic  aldehyde and acid,  p.  hydroxy-benzoicacid) are well known as de- 
gradation products of l ign in .  A peak i s  seen i n  Figure l l abe l led  2,5-dihy- 
droxy-benzoic acid (2,5-DHBA), and another label led 2,4-, 3 ,4- ,  3,5-dihydro- 
xy-benzoic acid.  Experiments w i t h  known compounds showed t h a t  the l a t t e r  
three isomers could n o t  be resolved under the conditions used. Later work, 
using GC/MS,showed t h a t  of the  three only the 3,4-isomer was i n  f a c t  present ,  
and t h i s  i s  l ign in- re la ted .  However, the 2,5-isomer i s  not ,  though i t  could 
be derived from the A ring of f lavonoids ,  2,3,4-Trihydroxy-benzoic acid has 
no obvious biological  assoc ia t ions ,  t h o u g h  the  3,4,5-isomer ( g a l l i c  ac id)  
occurs widely i n  the  plant kingdom (both isomers were i d e n t i f i e d ) .  

severe  conditions of oxidat ion) ,  some very poorly resolved chromatograms were 
obtained; the products evident ly  of ten represent  very complex mixtures of 
substances. Surpris ingly,  the products from nearly a l l  of the younger west- 
ern coals  were resolved poorly or  very poorly, while the resolut ion of those 
from the In te r ior  and Eastern provinces ranged from mediocre t o  good. Rep- 
resenta t ive  examples of each type a r e  shown i n  Figures 3 and 4.  The resolu-  
t ion i n  Figure 3 i s  so bad t h a t  one might question whether any ident i f ica t ions  
are possible. In Table 1 ,  we have assembled d e t a i l s  of the mass spectra  of  
four  substances alleged t o  be ident i f ied  from the GC/MS run shown i n  Figure 3 ,  
w i t h  d e t a i l s  of the spectra  of the s tandards.  
good, and the ident i f ica t ions  a re ,  taken w i t h  matching of re ten t ion  times, 
reasonably secure. When resolut ion i s  b e t t e r ,  as i n  Figure 4,  one can sure ly  
be confident i n  the ident i f ica t ions ;  examples of the correspondence of mass 
spectral  data a re  shown i n  Table 2. 

When, l a t e r ,  a wider range of samples was studied (with somewhat more 

The agreement is surpr i s ing ly  
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I t  should be added t h a t  even when the GC/MS system i s  used, many promi- 
nent peaks remain unident i f ied.  
m/e=73 i n  the corresponding mass spec t ra ,  so t h a t  they evident ly  contained 
the t r imethyls i lyl  group and were therefore  phenols or  acids  o r  both. 

In considering the or ig in  of the substances shown as ident i f ied  i n  
Figures 1-4, one must assume w i t h  bituminous coals  t h a t  carboxylic acid groups 
r e s u l t  e n t i r e l y  from the performic acid oxidation. There is  every reason t o  
suppose t h a t  some of  the hydroxyl groups were present  as  such i n  the raw coa ls ,  
but one must necessar i ly  enquire t o  what extent  i s  new OH introduced by the 
oxidation (performic acid i s  a known reagent f o r  converting alkenes t o  epox- 
ides  and cleaving them; t h i s  process occurs by a concerted e l e c t r o p h i l i c  
mechanism. 
f e r e n t  and m i g h t ,  f o r  example, follow a f r e e  radical  mechanism). 

The substances named in  Figures 1-4 can be a r b i t r a r i l y  c l a s s i f i e d  as 
follows: ( 1 )  "non-committal" substances - those l i k e  phenol, p. cresol and 
benzoic ac id ,  whose s t r u c t u r e s  a r e  r e l a t i v e l y  simple and contain no obvious 
clues  t o  or ig in ,  (2)  those whose s t ruc tures  could obviously be related to  
biological precursors ,  such a s  v a n i l l i c ,  syr ingic ,  f e r u l i c  and other  subs t i -  
tuted cinnamic a c i d s ,  (3)  those whose s t r u c t u r e s  a re  r e l a t i v e l y  complex b u t  
do not display any obvious associat ion with biological precursors, such as  
the dimethyldihydroxybenzene shown in Figure 1 (isomers not i d e n t i f i e d ) .  Of 
these c lasses ,  (1)  requires  no fur ther  comment here, while ( 3 )  presumably 
may include - o r  cons is t  l a rge ly  of - compounds whose OH groups are  an arte- 
f a c t  of the oxidat ion process. 
a r e  the compounds of c l a s s  ( 2 )  chemical f o s s i l s  o r  a r t e f a c t s ?  

Many of t h e  substances ident i f ied  have methoxyl groups i n  the 3-position 
o r  the 3,5-posi t ions,  as i n  l ign ins .  These groups could hardly have been 
introduced by the performic acid oxidat ion,  and therefore  indicate  a chemical 
f o s s i l  s t a t u s  f o r  the substances. O n  the other  hand, Blom e t  a l . 4  s t a t e  t h a t  
methoxyl groups a r e  eliminated by metamorphism i n  the subbituminous range. 
must admit t h a t  the s t ruc tures  we ident i fy  as methyl phenyl e thers  represent  
a small weight f r a c t i o n  of t h e  whole coa ls :  but can a l s o  point  out t h a t  Blom 
e t  a l .  present no evidence t h a t  the Zeisel procedure, which they used i n  t h e i r  
analyses, was completely e f f e c t i v e  (the reagent HI may not have penetrated 
the pore s t r u c t u r e  f u l l y ) ,  o r  even t h a t  i t  produced w i t h  coals  the r e s u l t s  
found with simple compounds. Whatever the mechanism of the  performic acid 
oxidation w i t h  c o a l s ,  one would expect t h a t  i f  i t  introduces new OH groups, 
more than one isomer would usual ly  be produced. Therefore, where a peak i n  
the chromatograms was i d e n t i f i e d  as due  t o  a l ign in- re la ted  substance l ike  
vani l l in  o r  c a f f e i c  acid,  the mass spectra  corresponding t o  neighboring chro- 
matographic peaks were carefu l ly  examined t o  determine whether they could 
represent  spectra  of posi t ion isomers. Such isomers were r a r e l y  detected.  
On the other  hand, some of the re la t ive ly  complex substances not obviously 
related t o  biological  precursors evident ly  did have i s m e r s  present. 

We conclude t h a t  some of the OH groups i n  the  products may well have 
been introduced by the performic acid oxidat ion,  but t h a t  most of the substances 
of s t ruc ture  r e l a t e d  t o  l ign ins  were probably not a r t e f a c t s .  

composition of whole coals ,  must be l e f t  f o r  discussion in a l a t e r  paper when 
a more complete set of data  can be presented. 

However, many of these showed fragments of 

However, the mechanism of a t t a c k  on coals could be q u i t e  d i f -  

This leaves open the quest ion,  t o  what extent  

We 

The quest ion,  t o  w h a t  extent  do the f indings reported here r e l a t e  t o  the 

In concluding t h i s  paper, we 
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should draw a t t e n t i o n  t o  sane i m p l i c a t i o n s  o f  t h e  f i n d i n g s ,  i f  t h e  p r o v i s i o n a l  
assumption can be made t h a t  t h e  f i n d i n g s  do indeed have re levance t o  t h e  s t r u c -  
t u r e  of v i t r i n i t e  macerals i n  coals: 

1. o-Di hydroxybenzenes, and s t i  11 more t r i  hydroxybenzenes, a r e  n o t o r i o u s l y  
e a s i l y  ox id ized.  This ,  if such s t r u c t u r e s  a r e  indeed present  i n  v i t r i n i t e s ,  we 
cou ld  e x p l a i n  why i t  i s  so d i f f i c u l t  t o  n i t r a t e  o r  s u l f o n a t e  coa ls ,  even w i t h  
m i l d  reagents, w i t h o u t  accompanying ox idat ion3,  and a l s o  why c o a l s  so r e a d i l y  
o x i d i z e  i n  weather ing.  P a r t i a l l y  methy lated polyphenols  a r e  l e s s  r e a c t i v e ,  b u t  
s t i l l  q u i t e  r e a d i l y  s u s c e p t i b l e  t o  o x i d a t i o n .  

and o t h e r  elements. 
i v a t i v e s ,  bu t  t h e r e  seems no reason why they should n o t  be capable o f  c h e l a t i o n .  

During c a t a l y t i c  hydrogenation o f  coa ls  o f  any rank t o  l i q u i d  f u e l s ,  
under cond i t i ons  t h a t  g i v e  h igh  conversion, a s u b s t a n t i a l  f r a c t i o n  o f  t h e  oxygen 
i s  removed. However, i n  i n t e r a c t i o n s  o f  coal  w i t h  hydrogen donor s o l v e n t  a lone,  
o r  i n  a p p l i c a t i o n s  o f  t h e  SRC process, oxygen removal i s  l e s s  complete and the 
products  may r e t a i n  o.dihydroxybenzene s t r u c t u r e s ,  a p o i n t  perhaps wor thy o f  n o t e  
by those concerned w i t h  t h e  composi t ion o f  coal  l i q u i d s .  

o f  coals  i n  t h e  i o n i z a t i o n  chamber o f  a t i m e - o f - f l i g h t  mass spectrometer, homo- 
logous s e r i e s  o f  what appeared t o  be dihydroxybenzenes were noted5. The technique 
cou ld  n o t  d i s t i n g u i s h  p o s i t i o n a l  isomers, b u t  t h e  f i n d i n g  i s  suggestive.when taken 
w i t h  t h e  data i n  t h i s  paper. 

2 .  Ortho - dihydroxybenzene d e r i v a t i v e s  a re  capable o f  c h e l a t i n g  boron 
Less i n f o r m a t i o n  i s  a v a i l a b l e  about o.hydroxy-methoxy der- 

3. 

I t  i s  wor th n o t i n g  here t h a t  i n  a s tudy o f  t h e  products  o f  l a s e r  p y r o l y s i s  
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Figure 3. TOTAL ION CURRENT CHROMATOGRAM OF DEGRADATION PRODUCTS 
(AS TMS DERIVATIVES) FROM RED SEAM (HVC), KAYENTA, ARIZONA 
(PSOC 312) 
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TIME 

Figure 4. TOTAL ION CURRENT CHROMATOGRAM OF DEGRADATION PRODUCTS 
(AS TMS DERIVATIVES) FROM OHIO NO. 1 SEAM (HVC), JACKSON, 
OHIO (PSOC 202) 
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Table 1 
Data f o r  MS Iden t i f i ca t ion  of Substances i n  Degradation Products 

o f  Coal from Black Mesa, Arizona (HVC)(PSOC 312) 

Cinnamic Acid 
m/e Standard Unknown - 

P/P+1 3.98 4.13 
205 100 100 

57 82 86 
45 48 39 

145 27 23 
55 25 20 
89 20 16 
67 18 14 

Vanil l i n  
m/e Standard Unknown - 

p. Hydroxybenzoic acid 
m/e Standard Unknown - 

P/P+1 3.28 2.73 
73 100 100 

193 45 63 
267 44 59 
223 42 56 
45 21 41 
75 15 23 

126 13  17 

p. Hydroxycinnamic acid 
m/e Standard Unknown - 

P/P+1 6.95 5.15 P/P+l 6.00 5.27 
194 100 . 88 13  100 83 
23 83 100 219 76 100 

193 53 45 235 61 79 
209 37 60 
151 29 38 
45 27 33 

165 9 17 

2 93 32 41 
191 21 39 
45 16 25 
75 15 19 

Table 2 

of Coal from O h i o  No. 1 Seam (HVC)(PSOC 202) 
Data f o r  MS Iden t i f i ca t ion  of Substances i n  Degradation Products 

p. Hydroxybenzoic acid 
m/e Standard Unknown - 

P/P+l 3.28 3.18 
73 100 100 

193 45 52 
267 44 48 
223 42 41 
45 21 34 
75 15 19 

126 13 14 

Syringic  acid 
m/e Standard Unknown 

P/P+1 3.72 3.15 
73 100 
45 18 29 

141 15 23 
327 12 19 
312 10 13 

89 10 15 
297 9 10 

Fe ru l i c  ac id  

P/P+1 2.71 2.93 
73 100 100 

m/e Standard Unknown - 

75 48 49 
117 38 35 
225 24 32 
181 22 30 
129 22 25 
297 20 31 
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Appendix. Trivial and Systematic Names of Relevant Phenolic Substances 

resorci no1 

pyrocatechol 

phloroglucinol 

pyrogal lo1 

orcinol 

2-methyl resorcinol 

guaiacol 

vanill in 

vanillic acid 

syringic acid 

cinnamic acid 

ferulic acid 

caffeic acid 

1,3-dihydroxybenzene 

1,2-dihydroxybenzene 

1,3,5-trihydroxybenzene 

1,2,3-trihydroxybenzene 

3,5-dihydroxytoluene 

2,6-dihydroxytoluene 

2-methoxyphenol 

3-methoxy-4-hydroxybenzaldehyde 

3-methoxy-4-hydroxybenzoic acid 

3,5-dimethoxy-4-hydroxybenzoic acid 

phenyl-3-propenoic acid 

3-methoxy-4-hydroxyphenyl-3-propenoic acid 

3,4-dihydroxyphenyl-3-propenoic acid 
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